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ABSTRACT

Eocene to Pliocene paleochannels of the Sierra Nevada (California, USA) 
were first exploited for gold placer deposits during the California gold rush 
(1848), and then mapped in surveys more than century ago. The surveys 
showed that the paleochannels flowed westward, like the modern rivers of 
the range; it then was assumed that the heads of the paleochannels were at 
the modern range crest. A first paradigm shift occurred ~50 yr ago, when it 
was recognized that at least some of the paleochannel fill was sourced from 
the region of the current state of Nevada, and it was proposed that the  Sierra 
Nevada range was younger than the paleochannels (younger than 6 Ma). 
More recent work has demonstrated that Sierran paleochannels are ancient 
features that formed on the shoulder of a broad high uplift (the Nevadaplano) 
formed during Cretaceous crustal shortening; the headwaters were in central 
Nevada prior to disruption of the plateau by Basin and Range extension. A 
second paradigm shift occurred in the past decade: the Sierra Nevada range 
front is formed of north-northwest transtensional structures of the younger 
than 12 Ma Walker Lane belt, not north-south to north-northeast–south-south-
west extensional structures of the Basin and Range. In this paper we use de-
tailed geologic mapping to reconstruct the paleogeographic evolution of three 
Oligo cene to Pliocene east-west paleochannels in the central Sierra Nevada, 
and their progressive south to north derangement by Walker Lane structures: 
the Stanislaus in the south, the Cataract in the middle, and the Mokelumne 
in the north.

Previous work has shown that east-west Nevadaplano paleochannels 
in the central Sierra have four stratigraphic sequences floored by erosional 
unconformities; we describe distinguishing characteristics between the an-
cient Nevada plano paleochannels and the north-northwest–deranged paleo-
channels of the Walker Lane grabens. In the east-west paleochannels uncon-
formity 1 is the deepest, eroded into mesozonal Cretaceous plutons; it is 

overlain by the Oligocene to early Miocene Valley Springs Formation ( sequence 
1), consisting of ignimbrites erupted ~250 km to the east in Nevada. Sequence 
1 is the most useful for tracing the courses of the paleochannels because it 
was deposited before faulting began; however, it is incompletely preserved, 
due to erosion along unconformity 2 (with as much as 500 m of relief) as well 
as later erosional events. Sequence 2 consists of ca. 16–12 Ma andesitic vol-
caniclastic rocks referred to as the Relief Peak Formation; it occurs in all three 
paleochannels (Stanislaus, Cataract, and Mokelumne) as stratified fluvial and 
debris flow deposits, with abundant cut and fill structures. However, we show 
for the first time that Relief Peak Formation also forms the basal fill of a Walker 
Lane transtensional basin system that began to form by ca. 12 Ma, in a full 
graben along what is now the Sierra Crest, and in transfer zone  basins and 
half-grabens on what is now the eastern range front. The Relief Peak Formation 
in the Walker Lane transtensional basins consists of massive (nonstratified) 
andesitic debris flow deposits and debris avalanche deposits, with slabs as 
much as 2 km long, including slabs of the Valley Springs Formation. Sequence 
3 in the Nevadaplano paleochannels consists of distinctive, voluminous high-K 
lavas and ignimbrites of the Stanislaus Group. The lavas were erupted from fis-
sures in the transtensional Sierra Crest graben-vent system, which beheaded 
the Stanislaus paleochannel prior to development of unconformity 3 and erup-
tion of the voluminous basal lavas, referred to as the Table Mountain Latite 
(TML). In the Cataract paleochannel, TML lavas are inset as much as 100 m into 
the Relief Peak Formation along unconformity 3, indicating fluvial reincision 
within the paleochannel; TML lavas were ponded in the graben-vent system 
to thicknesses 6 times greater than the paleochannel fill, with no reincision 
surfaces. Sequence 3 ignimbrites of the Stanislaus Group (Eureka Valley Tuff) 
were erupted from the Little Walker caldera, and mark the course of all three 
paleochannels, with channel reincision surfaces between them (but not in the 
grabens). Sequence 3 lavas in the paleochannels differ from those in the gra-
bens by having interstratified fluvial deposits, stretched vesicles  parallel to the 
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paleo channels, tree molds, peperitic bases, and kuppaberg ( cobble jointed) 
tops, which form when water penetrates into a cooling lava along vertical 
joints, allowing secondary joints to form perpendicular to them. The Cataract 
paleochannel was deranged from its ancient (Mesozoic) east-west Nevada-
plano trend into the north-northwest Walker Lane tectonic trend prior to devel-
opment of unconformity 4 and deposition of sequence 4 (Disaster Peak Forma-
tion). The north-northwest–deranged Cataract paleochannel is along the  Sierra 
Crest between the Stanislaus and Mokelumne paleo channels, with fluvial 
deposits indicating northward flow; this paleochannel is perpendicular to the 
ancient east-west Nevadaplano paleo channels, and parallel to modern Walker 
Lane drainages, indicating tectonic reorganization of the landscape ca. 9–5 Ma. 
This derangement was followed by progressive beheading of the Mokelumne 
paleochannel, development of the Ebbetts Pass pull-apart basin (ca. 6 Ma) and 
the Ebbetts Pass stratovolcano within it (ca. 5–4 Ma), which fed lava into the 
relict Mokelumne paleochannel.

The derangement of central Sierran paleochannels proceeded as follows, 
from south to north: (1) the Stanislaus paleochannel was beheaded by ca. 
11 Ma; (2) the Cataract paleochannel became deranged from an east-west 
Nevada plano trend into a north-northwest Walker Lane trend by ca. 9 Ma, now 
exposed along the Sierran crest; and (3) the Mokelumne paleochannel was 
beheaded by ca. 6–5 Ma, and the Carson Pass–Kirkwood paleochannel several 
kilometers to the north was deranged from east-west into the north-north-
west Hope Valley graben ca. 6 Ma. The next paleochannel to the north is in the 
southern part of the northern Sierra at Lake Tahoe, and based on published 
descriptions was beheaded ca. 3 Ma. The timing of paleochannel beheading 
corresponds to the northward migration of the Mendocino Triple Junction and 
northward propagation of the Walker Lane transtensional strain regime.

This paper illustrates in detail the interplay between tectonics and drain-
age development, exportable to a very broad variety of settings.

INTRODUCTION

The Sierra Nevada (California, USA) forms an asymmetrical block-faulted 
mountain range with a steep fault-bound range front on the east and a  gently 
sloping western slope (Fig. 1). The crest of the range is on the east, and mod-
ern rivers flow from east to west. Lindgren (1911) recognized that Cenozoic 
(mainly Eocene to Miocene) volcaniclastic and volcanic rocks in the Sierra 
Nevada (including gold placer deposits) were deposited into and preserved 
within paleo channels cut into the deeply eroded Mesozoic Sierra Nevada 
batho lith. It was then assumed that these paleochannels, which parallel the 
modern ones (Fig. 1), had their heads within the Sierra Nevada, at what is now 
the modern range crest (Ransome, 1898; Lindgren, 1911).

By the mid-twentieth century, a paradigm shift occurred. It was realized that 
the fault-bound eastern range crest (Fig. 1, inset) is a relatively young feature, 
then inferred to be <6 m.y. old; it was also recognized that at least some of the 
detritus in the paleochannels was derived from the region of the current state 

of Nevada (USA) to the east of the modern range front, indicating that the 
paleochannels existed before faulting at the range front began (Slemmons, 
1953; Curtis, 1954; Bateman and Wahraftig, 1966; cf. Wakabayashi, 2013). The 
Sierra Nevada paleochannels are now widely agreed to represent the lower 
reaches of channels that originated far to the east, in central Nevada (cf. Henry, 
2008; Henry et al., 2012). These paleochannels are inferred to have been carved 
into an areally extensive, high plateau created by Cretaceous low-angle sub-
duction, termed the Nevadaplano, and the Sierra Nevada is inferred to have 
formed the western shoulder of this broad uplift, prior to disruption of the 
plateau by Basin and Range extension (Wolfe et al., 1997; De Celles, 2004).

A second paradigm shift has occurred in the past decade, regarding the 
nature of the eastern range front of the Sierra Nevada. It has long been inter-
preted to form the western edge of the Basin and Range extensional province 
(Bateman and Wahraftig, 1966; Slemmons, 1953, 1966) with its approximately 
north-south grabens and horst blocks formed by east-west extension (see Fig. 
2A). However, over the past two decades, a growing body of geophysical, geo-
detic, and geological studies demonstrate that the Sierra Nevada range front 
forms the western boundary of the Walker Lane belt, a north-northwest zone 
of dextral strike-slip and oblique normal faults at the western edge of the Basin 
and Range, which parallels the San Andreas fault to the west (Fig. 2A). The 
Walker Lane belt is now known to form a transtensional plate boundary on 
the trailing edge of the Sierra Nevada microplate, which is between the Pacific 
plate west of the San Andreas fault, and the North American plate, east of the 
Walker Lane belt (Argus and Gordon, 1991; Dixon et al., 2000; see overviews 
by Faulds and Henry, 2008; Jayko and Bursik, 2012; Busby, 2013). Unruh et al. 
(2003) demonstrated the importance of right transtensional strain along the 
Sierra Nevada frontal fault system, even for those reaches that do not have 
obvious dextral faults.

Like the San Andreas fault, the Walker Lane belt has grown northward with 
time, in concert with northward migration of the Mendocino Triple Junction 
(Fig. 2A; Faulds and Henry, 2008; see references in Busby, 2013). Along the cen-
tral Sierra Nevada range front (Hagan et al., 2009; Busby et al., 2013a, 2013b), 
and in the Walker Lane belt in general (see fig. 1 of Busby, 2013), modern riv-
ers mainly run parallel to the dominantly north-northwest–trending structural 
grain, at a high angle to Basin and Range structures (which strike north-south 
to north-northeast–south-southwest), and approximately perpendicular to the 
west-flowing rivers west of the Sierra Nevada range crest (Fig. 1).

Until recently, it was assumed that Paleogene–Neogene strata in the central 
Sierra Nevada were all preserved in paleochannels, including all of the vol-
cani clastic-volcanic rocks; the grabens were inferred to be postvolcanic (Slem-
mons, 1953, 1966), and the initiation of faulting was inferred to be younger 
than the paleochannel fill (ca. 6–3.5 Ma; cf. Surpless et al., 2002). However, 
we have shown that transtensional deformation began by ca. 12 Ma, while 
the paleo channels were still active, and active faults controlled the sites of 
eruption and deposition of volcanic and volcaniclastic rocks in grabens on the 
range front and in the crestal area of the range (Fig. 2B; Busby et al., 2008a, 
2013a, 2103b; Busby, 2013).
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Figure 1. Cenozoic volcaniclastic and vol-
canic rocks (shown in red), faults, and geo-
graphic features of the Sierra Nevada and 
adjacent easternmost California (revised 
from Busby et al., 2008a). Cenozoic vol-
cani clastic and volcanic rocks are largely 
preserved in paleochannels in the north-
ern and central Sierra. The crest of this 
highly asymmetric range (shown by dot 
pattern) is very close to the Sierra  Nevada 
frontal fault system. Green dashed lines 
indicate our usage of subdivisions be-
tween northern, central, and southern 
Sierra Nevada, labeled in green letters 
(for full discussion see Busby et al., 2008a, 
2008b). The area of the detailed map of the 
range crest and range front (presented in 
Fig. 5) is outlined here. Areas mapped 
in detail in Busby et al. (2008b) and Hagan 
et al. (2009) are shown. Inset: Simplified 
diagram of the block-tilted structure of the 
Sierra Nevada, showing the gross overall 
structure of the range (after Bateman and 
Wahraftig, 1966). This block is ~600 km 
long and 100 km wide, and exhibits little 
internal deformation, with the exception 
of the southern Sierra Nevada, which has 
internal faults (cf. Busby, 2013).
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In this paper we examine the Cenozoic structure and stratigraphy of the central 
Sierra Nevada to answer the following questions. What can the Cenozoic paleo-
channels tell us about the paleogeographic and tectonic evolution of the  Sierra 
Nevada? When and how were Sierra Nevada paleochannels beheaded or de-
ranged from their Nevadaplano source, and how may the fill of the Nevadaplano 

paleochannels be distinguished from the fill of Walker Lane transtensional gra-
bens? Was derangement of east-west drainage patterns into north-northwest 
drainage patterns progressive or abrupt, and what were the geologic signals of 
this reorganization? We also summarize regional data, from Sonora Pass north-
ward to Carson Pass (Busby et al., 2008b; Hagan et al., 2009) to the Lake Tahoe 
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Figure 2 (on this and following page). (A) Tectonic setting of 
the Sierra Nevada microplate (modified from Busby, 2013). 
The microplate is bound to the east by the north-northwest–
south-southeast transtensional Walker Lane belt (cf. Jayko 
and Bursik, 2012), and to the west by the San Andreas fault, 
shown in oblique projection of the western Cordillera about 
the preferred Sierra Nevada–North American Euler pole, fol-
lowing the perspective of Unruh et al. (2003). The east-west 
extensional Basin and Range province is to the east of the 
Walker Lane belt, and the present-day Cascades arc is to 
the north. The Walker Lane belt is a transtensional rift that 
connects through the Eastern California shear zone (ECSZ) 
to the Gulf of California transtensional rift. The Mendo-
cino Triple Junction (MTJ) has been migrating northward 
with time, terminating subduction northward (Atwater and 
Stock, 1998); at 12 Ma, the Sonora Pass–Ebbetts Pass area 
was above the subducting slab, forming part of the Sierra 
Nevada ancestral Cascades arc (Putirka and Busby, 2007). 
Note that at 12 Ma, western California was further south 
than shown (Wakabayashi, 1999). Stipple pattern shows 
the present-day region of largely unfaulted Cretaceous 
batho lith, and dot pattern is the California Central Valley to 
the west. Also shown are active transtensional rift volcanic 
fields at Long Valley and Coso, as well as the southernmost 
Cascades arc volcano (Lassen), which is in a Walker Lane 
transtensional basin (cf. Busby, 2013). Active dike swarms 
at depth north of Lake Tahoe are associated with an inter-
preted rift system (Smith et al., 2004, 2012). M—Mono Lake, 
T—Lake Tahoe. In this paper we present a model for the 
progressive south to north derangement of paleochannels 
along the Sierra Nevada range front and range crest, from 
Mono Lake (M) to Lake Tahoe (T), in concert with northward 
migration of the Mendocino Triple Junction.
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area (see locations in Figs. 1 and 2), to address whether there is a regional-scale 
pattern to the paleochannel derangement, and if it bears a temporal relationship 
to northward migration of the Mendocino Triple Junction (Fig. 2A).

This paper uses detailed geologic mapping to illustrate the interplay be-
tween tectonics and drainage development, using techniques that are applica-
ble to a very broad variety of geologic settings.

PREVIOUS WORK

The central Sierra Nevada is an outstanding place to use paleochannel 
deposits to reconstruct the paleogeographic and tectonic evolution of the 
Sierra Nevada. Paleochannel deposits are not preserved in the highest part of 
the range in the southern Sierra Nevada (note the lack of Cenozoic rocks west 
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B Figure 2 (continued). (B) Tectonic and volcanic setting 
of the Sonora Pass to Ebbetts Pass to Carson Pass re-
gion; locality is in Figure 1, and detailed geologic maps 
are in Figure 5. Paleochannels carved in Cretaceous–
Paleocene time contain four unconformity-bound 
stratigraphic sequences (Fig. 4). 1—Oligocene silicic 
ignimbrites erupted in central Nevada (Valley Springs 
Formation). 2—Miocene arc volcanic and volcaniclastic 
rocks (Relief Peak Formation). 3—11.5–9 Ma high-K arc 
volcanic rocks (Stanislaus Group). 4—Miocene–Plio-
cene arc volcanic rocks (Disaster Peak Formation). The 
high-K volcanic rocks of sequence 3 were erupted from 
the Sierra Crest–Little Walker volcanic center, which 
formed a Walker Lane transtensional intraarc graben 
complex; lavas (mostly Table Mountain Latite, TML, 
shown in lavender-gray) were erupted from fissures and 
point sources along faults (red stars), and ignimbrites 
were erupted from the Little Walker caldera (Busby 
et al., 2013a, 2013b). All three paleochannels (paleoch.) 
contain sequences 1 and 2, indicating that they were 
not deranged prior to ca. 11.5 Ma. The Stanislaus paleo-
channel contains no TML, so it was beheaded before 
TML erupted (i.e., prior to the onset of deposition of 
sequence 3). The Cataract paleochannel continued to 
function through eruption of sequence 3, including the 
TML, or flood andesite (Busby et al., 2013a), shown in 
tan. It was completely beheaded before deposition of 
sequence 4, and sequence 4 was deposited in a paleo-
channel that flowed toward the north-northwest in the 
Sierra Crest graben, referred to as the deranged Cata-
ract paleochannel (ca. 9–5 Ma; see Fig. 12D), along what 
is now the modern range crest (brown dashed line); this 
is parallel to modern drainages in the Walker Lane belt. 
This figure also illustrates structural and geographic 
relationship between Ebbetts Pass and Carson Pass. 
The Mokelumne paleochannel was beheaded during 
deposition of sequence 4 at Ebbetts Pass (see text and 
Fig. 12D). New data (work in progress) from the Ebbetts 
Pass volcanic center show that it includes ca. 6 Ma lavas 
and the ca. 5–4 Ma Ebbetts Pass strato volcano, which 
formed in a Walker Lane pull-apart basin, beheading 
the Mokelumne paleochannel ca. 6–5 Ma (see text). At 
the same time (ca. 6 Ma), to the north, the Markleeville 
volcanic center formed in the Hope Valley graben, and 
the east-west Carson-Kirkwood paleochannel became 
tectonically deranged into the north-northwest–trend-
ing Hope Valley graben ( Hagan et al., 2009). (For dis-
cussion of later derangement of paleochannels further 
north at Lake Tahoe, see text.)
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of the range crest in Fig. 1). Paleochannel fills have been very well studied 
in the northern Sierra, partly because they are extensive (Fig. 1) and contain 
aurif erous Eocene gravels with plant fossils, but also in an effort to under-
stand the age, paleogeography, sedimentology, volcanology, paleo altim-
etry, and paleoclimate record (MacGinitie, 1941; Hudson, 1955; Durrell, 1966; 
Saucedo and Wagner, 1992; Wing and Greenwood, 1993; Deino, 1985; Wag-
ner and Saucedo, 1990; Wolfe et al., 1997; Wagner et al., 2000; Wakabayashi 
and Sawyer, 2001; Garside et al., 2005; Garrison et al., 2008; Cecil et al. 2006, 
2010; Brooks et al., 2008; Cassel et al., 2009a, 2009b, 2012a, 2012b; Mulch 
et al., 2006; Hinz et al., 2009; Hren et al., 2010; Cassel and Graham, 2011; 
Wakabayashi, 2013). In contrast, relatively few studies have dealt with paleo-
channel rocks of the central Sierra Nevada, and many of those have been 
part of regional-scale studies, or mapping, geochronologic, and paleomag-
netic studies that did not focus specifically on the paleochannels (Whitney, 
1880; Ransome, 1898; Lindgren, 1911; Slemmons, 1953, 1966; Axelrod, 1957; 
Dalrymple, 1963, 1964; Bateman and Wahraftig, 1966; Dalrymple et al., 1967; 
Huber, 1981, 1983a, 1983b, 1990; Keith et al., 1982; Wagner et al., 1987; Waka-
bayashi and Sawyer, 2001). Exposure of the central Sierran paleochannels 
is much better than northern Sierra Nevada exposures, which are at lower 
elevations and are forested.

Only in the past few years have studies focused on central Sierra Nevada 
paleochannels (Busby et al., 2008a, 2008b; Gorny et al., 2009; Koerner et al., 
2009; Busby and Putirka, 2009; Hagan et al., 2009). Paleochannels in the cen-
tral Sierra have probably been less well studied because access is much more 
difficult, relative to the northern Sierra: it is largely roadless, and it is rugged, 
due to greater offset on range front faults. However, exposure is improved 
due to glaciation in the crestal parts of the range, and the range front is more 
arid due to a greater rain shadow effect, making three-dimensional exposures 
of paleochannels and grabens much more complete, relative to the north-
ern Sierra Nevada. The relief on the central Sierra Nevada crest and front is 
~2000 m, providing outstanding three-dimensional exposures of the paleo-
channels and their relationships to faults. This makes detailed mapping worth 
the effort.

Previous work in central Sierran paleochannels focused in the Carson 
Pass–Kirkwood paleochannel along the range crest at Carson Pass (Busby 
et al., 2008b; Hagan et al., 2009), but the less-well-exposed down-paleochan-
nel equivalents at lower elevations to the west have not been mapped in de-
tail because they lack distinctive stratigraphic markers or dateable primary 
volcanic rocks. In contrast, paleochannels in the Sonora Pass area have been 
studied a long distance down-paleochannel for >100 yr (Fig. 3), because they 
contain widespread, dateable, distinctive high-K volcanic rocks of the Stan-
islaus Group (Ransome, 1898). The distribution of the distinctive high-K vol-
canic rocks is summarized in Figure 3, and the stratigraphy of paleochannels in 
Sonora Pass region is summarized in Figure 4.

Much of the previous work in the northern Sierra focused on basal Eocene 
placer gold-bearing sedimentary paleochannel fills (Lindgren, 1911). These 
appear to be absent in the central Sierra Nevada; instead, the Oligocene to 

earliest Miocene Valley Springs Formation (Fig. 4) forms the oldest paleo-
channel fills in the central Sierra (Slemmons, 1953). No Eocene conglomer-
ate-sandstone units have been reported in the crestal to range front  areas 
between Sonora Pass and Carson Pass (Busby et al., 2008a, 2008b), nor have 
they been reported from the Lake Tahoe area. Basal placer gold-bearing sedi-
mentary paleochannel fills occur in a few localities in the western Sierra foot-
hills of the central Sierra. Two localities are in the Cataract paleochannel, 
near Chinese Camp (which was rich in gold), and beneath the Table Moun-
tain Latite (TML) at Table Mountain (which never proved very remunerative; 
locations in Fig. 3; Lindgren, 1911). A third locality is ~40 km upstream of 
Chinese Camp in the Tuolumne paleochannel (not shown in Fig. 3), which is 
south of the Cataract paleochannel and feeds into it at Chinese Camp (Huber, 
1990). However, it is unclear if these basal auriferous gravels are Eocene, 
Oligocene, or Miocene, because no fossils are reported from them (Lindgren, 
1911; Huber, 1990).

The basal paleochannel fill in the central Sierra Nevada consists of Oligo-
cene to early Miocene Valley Springs Formation rhyolitic ignimbrites (se-
quence 1, Fig. 4). Slemmons (1953) described three main ignimbrites in the 
Sonora Pass region, based largely on mineralogy, but did not map them 
separately; he inferred that they were erupted locally. It was later shown 
that Oligocene to earliest Miocene ignimbrites in the Sierra Nevada are re-
stricted to paleochannels, and were erupted far to the east from calderas in 
Nevada, in a subduction setting on thick continental crust of the Nevada-
plano (cf. Henry et al., 2012; Henry and John, 2013). In this paper we have 
not attempted to divide the Valley Springs Formation; however, in our de-
scription of individual paleochannels here, we point out places where C.D. 
Henry recognized specific ignimbrites (publications or written communica-
tions provided in following). Each ignimbrite of the Valley Springs Forma-
tion presumably once formed a nearly continuous channel fill back to its 
caldera source area in central Nevada on the crest of the Nevadaplano (cf. 
Henry et al., 2012); however, present-day Valley Springs Formation outcrops 
are discontinuous due to postdepositional reincision within the paleochan-
nels (cf. Busby et al., 2008a, 2008b), as well as disruption by Miocene and 
younger faulting (Busby et al., 2013a, 2013b), and Pliocene to Holocene ero-
sion, discussed in the following.

Previous work has shown that basal Oligocene ignimbrites in the central 
Sierra (sequence 1) are overlain in erosional unconformity by early Miocene 
andesitic volcaniclastic and volcanic rocks (sequence 2, Fig. 4; Busby et al., 
2008a, 2008b). These formed in response to a westward sweep of arc magma-
tism, off the thickened continental crust in eastern Nevada (which produced 
silicic calderas) onto thinner crust in western Nevada and eastern California 
(which produced andesite volcanoes), in response to slab fallback (cf. Busby, 
2013). By 16 Ma, andesite arc magmatism had swept westward into what is 
now the Sierra Nevada, producing the Sierra Nevada ancestral Cascades arc, 
described in Putirka and Busby (2007) and Busby and Putirka (2009). Miocene 
to Pliocene andesitic arc volcanic-volcaniclastic rocks in the central Sierra 
are generally referred to as the Mehrten Formation (following Curtis, 1954).  
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However, in the Sonora Pass region, distinctive high-K volcanic rocks, referred 
to as Stanislaus Group (sequence 3, Fig. 4), are in the middle of the strati-
graphic section, with andesitic rocks below referred to as the Relief Peak For-
mation (sequence 2), and andesitic rocks above referred to as the Disaster Peak 
Formation (sequence 4, Fig. 4; following Slemmons, 1953). The Stanislaus 
Group has since been further divided into formations and members (Fig. 4; cf. 
Busby et al., 2013a).

Prior to the past few years, it was inferred that faulting in the cen-
tral Sierra Nevada was younger than volcanism there (younger than ca. 
6–3.5 Ma), was restricted to the range front, and was caused by east-west 
Basin and Range extension (cf. Busby, 2013). However, it was demon-
strated (Busby et al., 2013a, 2013b; Busby, 2013) that synvolcanic faulting 

began by 12 Ma in the Sonora Pass area and by 6 Ma in the Ebbetts Pass 
area, extended 20 km or more into the Sierra from the modern range crest, 
and was caused by Walker Lane northwest-southeast transtension. This 
paper focuses on the evolution of central Sierran paleochannels prior to, 
during, and after their derangement by Walker Lane transtensional faults 
and basins.

TERMINOLOGY

To avoid confusion, two terms used in this paper are discussed here, paleo-
channels and derangement.

Sonora Pass Stratigraphy
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Figure 4. Composite stratigraphy of Cenozoic rocks of the 
Sonora Pass region, central Sierra Nevada, California (modi-
fied from Busby et al., 2013a; more detailed stratigraphy is 
presented in Fig. 5). Thicknesses of units are variable and 
not shown to scale. Mappable erosional unconformities 
divide the section into four sequences that have been 
correlated with unconformities in other central Sierra 
Nevada paleochannels (Busby et al., 2008a, 2008b; Busby 
and Putirka, 2009; Busby, 2012). Ages are recalculated from 
Busby et al. (2008b) and Busby and Putirka (2009), except 
for the Dardanelles Formation, which consists of a  single 
lava flow 40Ar/39Ar whole-rock dated as 9.137 ± 0.017; the 
newly defined Basal Lava Flow Member of the Eureka 
Valley Tuff dated as 9.94 ± 0.03 Ma by hornblende; and a 
Relief Peak Formation block-and-ash flow tuff from the 
north end of the Sierra Crest graben dated as 11.33 ± 0.03 
by hornblende (complete age data presented elsewhere). In 
addition, a sill that intrudes the Relief Peak Formation on 
the eastern range front by Grouse Meadows fault (Fig. 5A) 
provides a minimum age of 12.15 ± 0.04 Ma on hornblende 
(Busby et al., 2013b). The two older ages on the Valley 
Springs Formation are based on correlations made by C. 
Henry (2013, written commun.) on ignimbrites in the Stan-
islaus paleochannel (see text). Tvs—Valley Springs Forma-
tion; Trp—Relief Peak Formation andesitic volcaniclastic 
rocks, divided herein into debris flow deposits (Trpdf), flu-
vial deposits (Trpf), and block-and-ash flow tuffs (Trpba); 
Ts—Stanislaus Group high-K volcanic rocks, divided here 
into Table Mountain Latite lava flows (Tstm), Eureka Valley 
Tuff basal Lava Flow Member, Eureka Valley Tuff Tollhouse 
Flat Member welded ignimbrite (Tvset), Eureka Valley Tuff 
Lava Flow Member (Tsel), Eureka Valley Tuff By-Day Member 
welded ignimbrite (Tseb), Eureka Valley Tuff Upper Member 
nonwelded ignimbrite (Tseu), and Dardanelles Formation 
shoshonite lava flow (Tsd), which also includes intrusions 
(Tsdi); Tdp—Disaster Peak Formation andesitic volcanic 
and volcaniclastic rocks and intrusions.
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Paleochannels

The Sierra Nevada paleochannels of Lindgren (1911) have been variably 
referred to as paleorivers, paleovalleys, or paleocanyons (cf. Cecil et al., 
2010; Cassel et al., 2012a; Henry et al., 2012). The term “paleocanyons” was 
previously used (Busby et al., 2008a, 2008b; Busby and Putirka, 2009) to 
emphasize the fact that, in the central Sierra Nevada, these features show 
very steep relief on the contact with granitic basement (unconformity 1) 
as well as on internal unconformity surfaces (unconformities 2–4, Fig. 4), 
and contain abundant fluvial boulder conglomerates, which indicate high 
axial gradients. However, since those papers were published, others have 
emphasized that the same features typify northern Sierra Nevada paleo-
channels (e.g., Cassel et al., 2012a). Most have referred to these features 
as paleochannels; we do the same, while alerting the reader to the fact 
that they were probably not much different in gradient from the modern 
river canyons.

Derangement

The Glossary of Geology (Neuendorf et al., 2005) defined derangement 
as the process by which changes in a stream course are effected by agents 
other than the stream, such as by glaciation, wind, deposition, or diastrophism 
(defor mation). The earliest use of “deranged drainage” is in the Encyclopedia 
of Geomorphology (chapter titled Drainage Patterns; Fairbridge, 1968). The 
term was used with the same meaning in Andrews et al. (2102). In this paper 
we provide geologic maps that document the derangement of streams by dia-
strophism (in our case, transtensional deformation).

NEWLY DEFINED STANISLAUS, CATARACT, DERANGED 
CATARACT, AND MOKELUMNE PALEOCHANNELS

In Figure 5, we present new geologic mapping over a much broader area 
than shown in our recent papers on Sonora Pass (Busby et al., 2013a, 2013b) 
in order to describe the evolution of the paleochannels we recognize in the 
present-day Sonora Pass to Ebbetts Pass region. From south to north, these are 
the Stanislaus paleochannel, the Cataract paleochannel, the deranged Cata-
ract paleochannel, and the Mokelumne paleochannel (Fig. 2B). These paleo-
channels are briefly described here to provide a framework for more detailed 
descriptions that form the body of this paper.

Prior to this study, the Sonora Pass area was inferred to contain a single 
paleochannel that roughly coincides with the modern Stanislaus River, which 
we herein divide into two paleochannels, the Stanislaus and Cataract paleo-
channels (Figs. 2B and 3). These two distinct paleochannels were previously 
inferred to represent a single paleochannel, referred to as the Cataract paleo-
channel by Ransome (1898) and Lindgren (1911), and as the Stanislaus paleo-

channel by Slemmons (1953). Bateman and Wahraftig (1966) reported black 
chert clasts from what they referred to as the Stanislaus paleochannel, and 
inferred that its headwaters were to the east in Nevada where sources are 
present. Although Bateman and Wahrhaftig (1966) were not specific about 
the chert clast locality, these were also described by Roelofs (2004) in what 
we define herein as Stanislaus paleochannel sensu stricto. As described here, 
more recent studies of the Valley Springs Formation support the Bateman and 
Wahrhaftig (1966) inference that the head of the paleochannel must have origi-
nally existed far to the east of Sonora Pass in Nevada, where caldera sources 
for the Valley Springs Formation are; however, the Sonora Pass region was still 
inferred to represent one paleochannel by King et al. (2007), Henry et al. (2012), 
and Wakabayashi (2013).

We believe that previous workers were misled into thinking that a single 
paleochannel extends through the Sonora Pass area (rather than two) because 
that is the lateral extent of continuous TML outcrops along the modern range 
crest at Sonora Pass (Fig. 5C). However, we now know that the TML there is 
within the southern half of the Sierra Crest graben, the northern half of which 
is preserved on the crest north of the Clarks Fork canyon (Busby et al., 2013a; 
Figs. 2B, 5B, and 5C). Not only is a width of >20 km at least 3 times too great 
when compared to the width of other Sierran paleochannels, but the thick-
ness of the section in the Sierra Crest graben (1.3 km) is 2–3 times greater 
than the fill of Sierra Nevada paleochannels (see paleochannel measurements 
given in in Wakabayashi and Sawyer, 2001; Wakabayashi, 2013). For example, 
the next paleochannel north of those described herein, the Carson Pass–Kirk-
wood paleo channel in the central Sierra (location in Fig. 1A), is ~5 km wide 
and <600 m deep (Busby et al., 2008b). Similarly, Henry et al. (2012) described 
the width of Nevadaplano paleochannels as typically <6 km. Slemmons (1953) 
recognized that his Stanislaus paleochannel, as defined by discontinuous Val-
ley Springs Formation outcrops at Sonora Pass, was unusually broad (>20 km 
wide). We instead define two paleochannels, of reasonable width, using fea-
tures of the Oligocene Valley Springs Formation and the overlying Miocene 
formations (described in detail in the following): the Stanislaus paleochannel 
(to the south) and the Cataract paleochannel (to the north) (Figs. 2B, 3, and 5). 
It appears that these two paleochannels merged downstream, just above the 
present-day Melones Reservoir, where the Stan;islaus paleochannel probably 
fed into the Cataract paleochannel (although erosional remnants of paleo-
channel deposits have not yet been located in this area; see Fig. 3). These two 
distinct paleochannels are best preserved west of the Sierra Crest graben, be-
cause within it and to the east of it, paleochannel fill was largely cannibalized 
by synvolcanic transtensional faulting in the ca. 12–9 Ma Sierra Crest–Little 
Walker volcanic center (Fig. 2B), where the Valley Springs and fluvial Relief 
Peak Formations mainly occur as avalanche blocks (Busby et al., 2013a). How-
ever, our mapping shows that in situ Valley Springs Formation is preserved 
along the eastern margin of the Sierra Crest–Little Walker volcanic center, 
marking the position of the Cataract paleochannel in the north (just west of 
Highway 395; Fig. 5A) and the Stanislaus paleochannel in the south (at the east 
margin of Fig. 5C; south of Highway 4).
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Figure 5. Geologic maps of Tertiary rocks of 
the Sonora Pass to Ebbetts Pass area, cen-
tral Sierra Nevada, and detailed maps and 
corresponding keys. Detailed maps are 
presented separately to focus on the Ter-
tiary volcanic rocks (Mesozoic basement, 
largely granitic, is not divided). Although 
~66% of this mapping was published 
piecemeal (Busby et al., 2013a, 2013b), 
this map brings all the data together into 
one regional-scale map for interpretation 
of the paleochannels and their disruption 
by Walker Lane faults. All mapping was 
done between 2001 and 2012 (by Busby 
and graduate students Jeanette Hagan, 
Alice Koerner, Ben Melosh, Dylan Rood 
and postdoctoral researcher Graham 
 Andrews) and draws on work by Slem-
mons (1953), Keith et al. (1982), and Huber 
(1983a, 1983b). (A) Generalized geologic 
map of Tertiary volcanic rocks, showing 
locations of more detailed maps; major 
map units shown on this key are further 
divided in the keys to the detailed maps. 
Insets on upper right show location and 
previous mapping. Red stars highlight 
vents for Stanislaus Group volcanic rocks. 
Geology along the southwestern part 
of this map (to the west of map in C) is 
based partly on Roelofs (2004) between 
Kennedy Creek and Relief Reservoir, and 
to the west of that (west of Relief Reser-
voir south of Highway 108) is based on an 
unpublished map made by Slemmons in 
1979 and provided to us by David Wagner 
(California Geological Survey), with field 
modifications made by Busby. Geology 
along the northwest margin part of this 
map, west of map in B, is based largely on 
mapping by Keith et al. (1982) (field modi-
fi ca tions made by Busby). Geology along 
the eastern margin of the map, to the east 
of maps B and C, was described in detail in 
Busby et al. (2013b). (B) Detailed geologic 
map of Ebbetts Pass region. The geology 
in the north half of the map (Highland 
Peak–Ebbetts Pass–Raymond Peak area) 
has not been previously published, and 
is modified from Hagan (2010). The geol-
ogy of the Lightening Mountain– Arnot 
Peak–Disaster Peak–Mineral Mountain 
area was described in detail in Busby et al. 
(2013a). (C) Detailed geologic map of the 
Sonora Pass region (described in Busby 
et al., 2013a). (D) Detailed geologic map 
of The Dardanelles area, not previously 
published, modified from Koerner (2010). 
TML—Table Mountain Latite; u/c—un-
conformity; hbl—hornblende. To view the 
map at full size (poster size), please visit 
http:// dx .doi .10 .1130 /GES01182 .S1 or the 
full-text article on www .gsapubs .org.

To view the map at full size (poster size), please 
visit http:// dx .doi .10 .1130 /GES01182 .S1 or the 
full-text article on www .gsapubs .org.
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In this paper we show for the first time that the Cataract paleochannel be-
came deranged during the development of the Sierra Crest graben, and flowed 
northward within the graben during deposition of sequence 4 (ca. 9 Ma or 
younger), as the deranged Cataract paleochannel (Fig. 2B; see Disaster Peak 
Formation [Tdp] in the Disaster Peak–Arnot Peak area of Fig. 5B). Also for the 
first time, we present geologic mapping of the Mokelumne paleochannel (Fig. 
2B), which crosses the modern Sierra Nevada range crest at Ebbetts Pass (Figs. 
2B and 5). Henry et al. (2012) inferred that a Nevadaplano paleochannel crosses 
here because of the presence of Valley Springs Formation at the pass (Tvsi, 
Fig. 5), and Wakbayashi (2013, fig. 2 therein) indicated a paleochannel here on 
a Sierra-wide image. Our study is the first to describe the width, length, and fill 
of this paleochannel using Oligocene to Pliocene deposits (Fig. 5A, described 
in the following).

APPROACH TO PALEOCHANNEL DESCRIPTION

Our description of the newly recognized paleochannels is divided into two 
main parts. In part I, we provide detailed descriptions of the best-exposed 
paleochannel segments, in order to give a clear picture of their volcanic-vol-
caniclastic fill, focusing on features that allow distinction of paleochannel 
fill. In part II, we provide an overview of the paleochannels, describing their 
history and their derangement, from south to north, in the order they were 
deranged.

PART I. CATARACT PALEOCHANNEL AND 
DERANGED CATARACT PALEOCHANNEL

Our description of the Sonora Pass–Ebbetts Pass region begins with 
the Cataract paleochannel, because it is the best exposed and best pre-
served and has therefore been given the most attention (Figs. 5–10). First, 
we describe a segment of the Cataract paleochannel at The Dardanelles 
(Fig. 2B) because that segment has not been disrupted by faults or vents, 
and preserves a nearly complete Oligocene to Miocene (older than 9 Ma) 
stratigraphy (cf. Fig. 5D legend and Fig. 4 stratigraphy). The Dardanelles 
map and description were not previously published. Second, we provide a 
summary of the Cataract paleochannel in the Red Peak–Bald Peak area (Fig. 
2B) in order to document the effects of faulting and fault-controlled volcanic 
venting on Oligocene to Miocene (older than 9 Ma) stratigraphy in the Cata-
ract paleochannel, during the onset of paleochannel derangement (Figs. 5C, 
9, and 10). Although these faults were described elsewhere (Busby et al., 
2013a), the volcanosedimentary record of the onset of paleochannel de-
rangement have not. Third, we provide for the first time a description of 
the deranged north-northwest Cataract paleochannel (Fig. 2B), which con-
tains fill younger than that of the east-west Cataract paleochannel (younger 
than 9 Ma).

Undisrupted East-West Cataract Paleochannel at The Dardanelles

This area contains a nearly complete, unfaulted stratigraphic section 
through the distinctive, regionally extensive, well-dated units of the high-K 
Stanislaus Group (Figs. 4 and 5), preserved in the Cataract paleochannel 
(Fig. 2B). As Ransome (1898, p. 24) wrote, “Probably no known area in the 
Sierra Nevada presents a more interesting succession of volcanic rocks 
than the cluster of peaks known as The Dardanelles.” However, no detailed 
geologic maps and descriptions were made of the area before our study 
(Fig. 5D).

Unconformity 1 and Sequence 1

The Oligocene to early Miocene Valley Springs Formation (Tvs) overlies 
Mesozoic (mainly Cretaceous) mesozonal granitic rocks unroofed in Late Cre-
taceous to Paleocene time, producing unconformity 1 (Fig. 6A). The Valley 
Springs Formation here consists largely of nonwelded to welded rhyolite ig-
nimbrites (Fig. 6A) deposited on unconformity 1; fluvially reworked rhyolite 
tuff is locally present, and together these deposits form sequence 1 (Fig. 8A). 
The Valley Springs Formation is visible from a distance because it forms the 
whitest rocks in the region (Figs. 7C, 7D). To our knowledge, the Valley Springs 
Formation has not been dated at The Dardanelles.

Unconformity 2 and Sequence 2

The Valley Springs Formation is deeply incised along unconformity 2, 
which is overlain by sequence 2 andesitic volcaniclastic rocks of the Relief Peak 
Formation (Figs. 4 and 5D). Unconformity 2 is an extremely irregular surface, 
with as much as 600 m paleorelief, and in most of The Dardanelles, it merges 
with unconformity 1 (Figs. 5D and 6B). The Relief Peak Formation is defined 
as andesitic volcaniclastic rocks underlain by the Valley Springs Formation 
and overlain by high-K volcanic rocks of the Stanislaus Group (Slemmons, 
1953; Fig. 4).

The basal Relief Peak Formation at The Dardanelles (Figs. 5D and 6B) 
consists of interstratified fluvial deposits (Trpf) and debris flow deposits 
(Trpdf), shown as undifferentiated (Trpu) where fluvial and debris flow units 
were not mapped individually. These form the well-stratified basal deposits 
in the oblique aerial photos of Figures 7A and 7B. The debris flow deposits 
are crudely stratified, with dominantly angular clasts and poor sorting (Fig. 
6B), while the fluvial deposits are well stratified, with rounded clasts, form-
ing relatively well sorted clast-supported conglomerates, pebbly sandstones, 
and sandstones, locally with petrified wood (Figs. 6B, 8B–8C). In this segment 
of the Cataract paleochannel, the Relief Peak Formation has a much higher 
proportion of fluvial deposits (relative to debris flow deposits) than it does up-
paleo channel in the Red Peak–Bald Peak section (described in the following). 
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Figure 7. Oblique aerial photos of the Cataract paleo-
channel (Fig. 3) in the central Sierra Nevada. (A) View to-
ward the west down the Cataract paleochannel, toward 
Dardanelles Cone (DC); ED—East Dardanelles and The 
Dardanelles, mapped in Figure 5D. Dark-colored Mio-
cene volcanic-volcaniclastic rocks overlie light-colored 
Mesozoic granitic basement with obvious erosional 
relief. In this view, basal paleochannel fill consists of 
stratified Relief Peak Formation fluvial and debris flow 
volcaniclastic rocks (shown in measured section in Fig. 
6B). These are overlain by cliff-forming lavas of the  Table 
Mountain Latite (Stanislaus Group, Fig. 4; measured sec-
tion in Fig. 6B). Above, Dardanelles Cone consists of the 
Tollhouse Flat Member of the Eureka Valley Tuff and the 
peak is made of one of the few erosional remnants of  
the Dardanelles Formation (see Fig. 6B), a single sho-
shonite lava flow at the top of the high-K Stanislaus 
Group (Fig. 4), erupted from the western margin of the 
Sierra Crest graben (Peak 9798, Peak 10244 in Fig. 5C; 
Busby et al. 2013a). (B) View toward the southwest 
down the Cataract paleochannel, looking toward the 
East Dardanelles and The Dardanelles (Fig. 5D), showing 
stratified Relief Peak Formation fluvial and debris flow 
volcaniclastic rocks in the near foreground, overlain by 
cliff-forming trachyandesite and trachybasaltic andesite 
lavas of the Table Mountain Latite (TML) (Stanislaus 
Group, Fig. 4) on the East Dardanelles, The Dardanelles, 
and the unnamed ridge to the west-southwest of Dar-
danelles Cone, off the photo to the left. In the saddle 
between the East Dardanelles and The Dardanelles, 
soft, white rhyolite ignimbrites of the Valley Springs 
Formation (measured section in Fig. 6A) are overlain by 
stratified Relief Peak Formation (map unit Trpob; see Fig. 
5D), which is here dominated by olivine basalt lavas (Fig. 
6A; unit Trpob, Fig. 5D), in turn overlain by cliff-forming 
sheet-like lavas of the TML (Fig. 6A). These are overlain 
by erosional remnants of the Tollhouse Flat Member of 
the Eureka Valley Tuff (Fig. 4; not visible here), in turn 
capped by bulbous trachyandesite-trachydacite lavas 
we assign to the Lava Flow Member of the Eureka Val-
ley Tuff (Figs. 4, 5, and 6A); these flows were previously 
erroneously assigned to the Dardanelles Formation. 
(C) Close-up of The Dardanelles (view toward south-
west; Donnells Reservoir in distance). White rocks on the 
far left are Mesozoic granitic basement rocks exposed in 
McCormick Creek (Fig. 5D), with The Dardanelles ridge 
formed of volcanic rock through topographic inversion. 
The relatively soft, partly talus-covered section below 
the cliffs is made of multiple thin olivine basalt lava 
flows of the Relief Peak Formation (map unit Trpob; see Figs. 5D and 6A), overlying in erosional unconformity the Valley Springs Formation. Cliff-forming lavas of the TML are sheet like, whereas overlying trachyandesite-trachydacite lavas of the Lava Flow 
Member of the Eureka Valley Tuff are more bulbous (Tsell, Fig. 5D; also shown in Fig. 6A). A small remnant of the basal Valley Springs Formation is visible at the base of the section in the light colored area above Tvs (mapped in Fig. 5D); this soft material 
partly gave way in a debris flow (not mapped) produced during the 1996–1997 El Niño year rain-on-snow event, which may have enhanced rainfall here by orographic lifting along the vertical cliff above (Tollhurst, 2012). (D) Cataract paleochannel fill at Bald 
Peak (west end of Fig. 5C), up-paleochannel from The Dardanelles (Fig. 5D); view is toward the south, of the north face of Bald Peak. This is in a syndepositionally faulted part of the paleochannel fill (see text; see also Busby et al., 2013a). In contrast to the 
unfaulted paleochannel fill at The Dardanelles, the faulted paleochannel fill in the Red Peak–Bald Peak area contains vent facies deposits of the Stanislaus Group (red stars in Figs. 5A, 5C). The two major cliffs are formed of younger intrusions; the one that 
forms Bald Peak (Tdpi) is assigned to the Disaster Peak Formation because it intrudes the Stanislaus Group and is dated as 7.28 ± 0.06 Ma (Fig. 4), although no strata of Disaster Peak Formation age occur in the Cataract paleochannel (sequence 4 of Fig. 4) 
because it was beheaded by that time. The intrusion lower on the slope (Ti) is undated. Well-stratified light gray fluvial deposits formed of TML clasts (Tstmf) directly overlie the Valley Springs Formation (i.e., unconformities 2 and 3 are merged, Fig. 4) at the 
base of a narrow, small paleochannel cut into Relief Peak Formation debris flow deposits (Trpdf) along unconformity 3. The base of this small channel cuts upsection around the west flank of the mountain, to overlie TML lavas (Fig. 5C); there the TML fluvial 
deposits are overlain by a basalt lava, which maps around to the north face (visible here) into basalt cinder cone deposits, mapped as TML vent facies (Tstmbvf). More fluvial deposits are above that on the south side of Bald Peak, indicating that the Cataract 
paleochannel continued to function despite the volcanism, and an ignimbrite sourced from the Little Walker caldera (Tollhouse Flat Member of the Eureka Valley Tuff, the most widespread ignimbrite) flowed down the channel (not visible in this photo). 
That is overlain by a Dardanelles Formation lava flow that is overlain by, and strikes into, a 200-m-thick section of Dardanelles Formation cinder cone deposits mapped as Dardanelles Formation vent facies (Tsdvf, visible here). This signals the demise of the 
Cataract paleochannel, because Dardanelles Formation lava forms the top of the fill down-paleochannel at Dardanelles Cone (Figs. 5D, 7A), and no younger units (Disaster Peak Formation) occur as inset paleochannel fill anywhere down the paleocanyon.
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Figure 8 (on this and following three pages). Outcrop photos of paleochannel deposits, shown to illustrate the stratigraphic sequence shown in Figure 4. (A) Sequence 1: Fluvial cross beds in 
white rhyolite tuff of the Valley Springs Formation (Tvs, Sequence 1, Fig. 4); this is unusual because the Valley Springs Formation is dominated by welded ignimbrites. This fluvially reworked 
Valley Springs Formation is not in situ; the photo comes from a 200-m-long slide block within the Sierra Crest graben (near Sardine Falls, southeast corner of Fig. 5C). The slide block also contains 
nonwelded and welded white rhyolite ignimbrite. (B) Sequence 2: Relief Peak Formation andesitic boulder conglomerate in the Cataract paleochannel at East Dardanelles, showing clast-supported 
fluvial deposits with rounded clasts (Trpf, Fig. 5D). (C) Sequence 2: Relief Peak Formation andesitic cobble-breccia conglomerate, pebbly sandstone, and sandstone in the Cataract paleochannel at 
East Dardanelles, showing stratification, clast-supported textures, and cut and fill structures typical of fluvial deposits. (Trpf, Fig. 5D). (D) Sequence 2: Cliff-forming block-and-ash-flow tuff at the top 
of the Relief Peak formation in the Cataract paleochanel at East Dardanelles (Trpba, Fig. 5D), showing its massive character.
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Figure 8 (continued). (E) Sequence 2: Closeup of the cliff-forming block-and-ash-flow tuff shown in Figure 8D (boot for scale). Massive, unsorted monomict angular andesite tuff breccia is interpreted 
to represent a lava dome collapse deposit. (F) Sequence 3: Table Mountain Latite lava ponded in a channel within the larger Cataract paleochannel at The Dardanelles (Tstml, Fig. 5D); person on 
right side for scale. This lava is 123 m thick on the measured section shown in Figure 6A. (G) Sequence 3: Kuppaberg texture on the top of a TML lava on The Dardanelles (Tstml, Fig. 5D). We find no 
kuppaberg texture in TML lavas ponded in grabens, only in those within paleochannels, which presumably had water flowing over the top of them. (H) Sequence 3: Distinctive outcrop appearance 
of TML lavas, with large, sieve-textured plagioclase and smaller black pyroxene (hand lense for scale).
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Figure 8 (continued). (I) Sequence 3: Basal black basal vitrophyre in densely welded ignimbrite, which is present at the base of both the Tollhouse Flat Member and the By-Day Member of the Eureka 
Valley Tuff (Fig. 4), each of which form a single cooling unit. In this photo, the basal black densely welded vitrophyre passes upward into gray moderately welded ignimbrite, but in many places, 
only the black basal vitrophyre is preserved. (J) Sequence 3: Typical outcrop photo of a moderately welded part of the most widespread unit of the high-K Stanislaus Group (Fig. 3), the Tollhouse 
Flat Member of the Eureka Valley Tuff (Fig. 4). This ignimbrite was erupted at the Little Walker caldera and flowed down both the Stanislaus and Cataract paleochannels (Fig. 2B), while less mobile 
lavas of the underlying TML did not flow down the Stanislaus paleochannel (Fig. 5A). The black fragments are nonflattened obsidian fragments erupted together with white pumice and black glassy 
blocks that were hot enough to become flattened. (K) Sequence 3: Closeup of strongly welded Tollhouse Flat Member of the Eureka Valley Tuff, showing flattening of glassy blocks, with accordion 
terminations, and angular white silicic volcanic rock fragments. Hand lens for scale. (L) Sequence 3: Close-up of the boulder of Tollhouse Flat Member in the boulder conglomerate shown in Figure 
8M. Welding of the ignimbrite instantaneously made it into a rock that could be eroded into boulders by reincision within the paleochannel.
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Like the paleo-upstream equivalents, the debris flow deposits commonly con-
tain megablocks of block-and-ash flow tuff as much as 10 m in diameter; this 
suggests a steep axial gradient for the paleochannel (whereas megablocks in 
the syndepositionally faulted paleochannel reach at Red Peak–Bald Peak could 
be attributed to intrachannel faulting). Approximately 1.6 km west of Darda-
nelles Cone (Fig. 5D), the debris flow deposits contain 20-m-long slide blocks 
of andesite with globular peperite margins encased in fluvial sandstone, sug-
gesting intrachannel remobilization by the intrusive process (see examples in 
Busby et al., 2008b). The anomalous dip in the Relief Peak Formation below the 
East Dardanelles (15°E; Fig. 5D) is a soft-sediment slump.

An ~200-m-deep erosional surface is cut into the Relief Peak Formation 
fluvial-debris flow sections and into the underlying Valley Springs Forma-
tion, and overlain by a section of olivine basalt lavas as much as 200 m thick 
(Trpob), first recognized by Ransome (1898), which we assign to the Relief 
Peak Formation (Figs. 5D, 6A, 7B). Basalts are very rare in the Relief Peak 
Formation (but common in all younger formations, as described in the fol-
lowing). Gilbert et al. (1968) reported small-volume basalts intercalated with 
Relief Peak Formation andesites in the Mono Basin area, and Priest (1979) 
found olivine basalts below and within the Relief Peak Formation in the 
 Devil’s Gate area near Bridgeport (Fig. 3). However, the olivine basalt  lavas 
at The Dardanelles are the only ones that have been found so far within the 
Relief Peak Formation in the Sierra Nevada, and the vent for them has not 
been found.

The Relief Peak Formation basalt lavas directly overlie Valley Springs 
Formation ignimbrites and granitic basement at an elevation of 2377.4 m 
(7800′) at the head of McCormick Creek (see map unit Trpob with horizontal 
dip symbol; Fig. 5D). They are also deeply inset into Relief Peak Formation 
fluvial deposits on the lower slopes of The Dardanelles, but that erosional 
surface rises quickly in elevation to the northeast toward the East Darda-
nelles, from 2273.8 m to 2560.3 m (7460′ to 8400′), with relief of 287 m over 
a horizontal distance of <700 m, showing the complexity of the reincision 
surfaces in the paleochannel (Fig. 5D). Andesitic volcaniclastic rocks (Trpu, 
Fig. 5D) intervene as lenses between the olivine basalt lavas and the TML (of 
sequence 3), which is why we assign the basalts to the Relief Peak Forma-
tion rather than the Stanislaus Group (where basalts are common, Fig. 5); 
andesitic “conglomerate” lenses (actually volcanic breccia; see photo in 
Ransome, 1898, p. 25) were also described at this stratigraphic position by 
Ransome. The Relief Peak Formation olivine basalt sequence has as many as 

17 lavas, separated by vesiculated tops (Fig. 6A). The lavas are porphyritic to 
nearly aphyric, with plagioclase and olivine (locally altered to iddingsite). The 
200-m-thick section of basalt lavas on the lower slopes of The Dardanelles 
is not well exposed, but at the head of McCormick Creek, the basal basalt  
lava is spectacularly well exposed. There, columnar joints in this flat-lying 
lava plunge 60°NNE against the cooling surface formed by the deep ero-
sional surface (unconformity 2) cut into Valley Springs Formation within the 
paleochannel.

The upper part of the Relief Peak Formation has a variety of block-and-ash 
flow tuffs, at several stratigraphic levels, mapped individually at the head of 
McCormick Creek and on either side of it (Trpba, Fig. 5D; see Figs. 6B, 8D, 8E). 

M

N

Figure 8 (continued ). (M) Sequence 3: Lava Flow Member trachydacite lava overlying ~20 m 
thick boulder conglomerate with boulders of welded Tollhouse Flat Member. The bulbous 
 nature of the trachydacite lava contrasts with the sheet-like character of TML trachyandesites 
and trachybasaltic andesites (contrast also evident from oblique air photo, Fig. 7C). The top of 
the lava has kuppaberg joints, like those in the TML (see Fig. 8G), consistent with emplacement 
into a river channel. (N) Sequence 3: Bulbous nature of Lava Flow Member trachydacite lava, 
which forms the top of The Dardanelles (Fig. 5D).
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Figure 9. (A) View of the syndepositionally 
faulted Cataract paleochannel fill on the 
east-west ridge between Bald Peak and Red 
Peak, immediately west of the Sierra Crest 
graben (Fig. 2B), showing  superior exposure 
of stratigraphy and faults. (B) Oblique map 
view of Bald Peak–Red Peak ridge, which 
extends further eastward to include the 
Seven Pines fault, which forms the western 
boundary of the Sierra Crest graben (geol-
ogy simplified from Fig. 5C; see text for 
description). Tvs—Valley Springs Forma-
tion. Trpdf—Relief Peak Formation andesitic 
debris flow deposits. Ts—Stanislaus Group 
high-K volcanic rocks, divided here into 
Table Mountain Latite lava flows (Tstml), 
Eureka Valley Tuff Tollhouse Flat Member 
welded ignimbrite (Tvset), Eureka Valley 
Tuff Lava Flow Member (Tsel) that includes 
basalt vent facies (Tselbvf), Eureka Valley 
Tuff By-Day Member welded ignimbrite 
(Tseb), and Eureka Valley Tuff  Upper Mem-
ber nonwelded ignim brite (Tseu). Td—
Darda nelles Formation shoshonite, includ-
ing lava flow (Tsdl), intrusions (Tsdi), vent 
facies deposits (Tsdvf), and a debris ava-
lanche deposit (Tdda). Tdpi—Disas ter Peak 
Formation andesitic intrusions.
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Figure 10. Outcrop photos of paleochannel deposits in the syndepositionally faulted Bald Peak–Red Peak segment of the Cataract paleochannel (Figs. 2B and 5C). (A) 1–2-m diameter boulders 
 deposited on a syndepositionally downthrown block in the Relief Peak Formation (sequence 2), on the hanging wall of the Bald Peak fault (Figs. 2B, 5C, 9). The Relief Peak Formation thickens 
dramatically into the hanging-wall graben (Fig. 5C; Busby et al, 2013a). We infer that these very large boulders mark the position of a plunge pool at the base of a fault-controlled waterfall in the 
Cataract paleochannel. (B) Typical debris flow deposit in Relief Peak Formation (Trpdf, sequence 2, Fig. 4), with a variety of intermediate-composition volcanic clasts supported in a pebbly sand-
stone matrix. (C) Typical Relief Peak Formation (sequence 2) fluvial deposits, with relatively poor sorting and crude stratification typical of hyper-concentrated flood flow (2.2 kg Papillon for scale). 
(D) Fault-talus breccia composed of clasts of Tollhouse Flat Member of Eureka Valley Tuff, formed by syndepositional faulting within the Cataract paleochannel (mapped as Tseldf on Red Peak, 
Fig. 5C); compare these angular clasts with the rounded boulders of Tollhouse Flat Member in the nonfaulted paleochannel at The Dardanelles (Fig. 8L, 8M). This surrounds larger slabs shown in (E). 
Part of backpack for scale. (E) Avalanche slab of Tollhouse Flat Member of Eureka Valley Tuff formed by syndepositional faulting within the Cataract paleochannel (mapped as Tseldf on Red Peak, 
Fig. 5C). Stratig raphy is preserved within the slab (note tan bed at right), but the welded ignimbrite (black) is shattered, typical of slabs in a hard-rock avalanche.
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These are generally more resistant than the debris flow or fluvial deposits 
(Fig. 8D). The block-and-ash flow deposits are massive, unsorted, nonstratified 
monomict angular andesite tuff breccias, interpreted to represent lava dome 
collapse deposits funneled down the paleochannel from domes somewhere 
upslope. Most have the hornblende and plagioclase phenocrysts typical of 
 Relief Peak Formation, but there is also an unusual variety with sieve-textured 
plagioclase, pyroxene, and possible olivine, which is more typical of the Stan-
islaus Group (sequence 3, Fig. 4). One of these, a 10 m thick block-and-ash 
flow tuff near the top of the Relief Peak Formation on the south face of the 
East Dardanelles (Fig. 5D), is underlain by 2–3 m of white pumiceous deposits, 
which are very rare in the Relief Peak Formation; the only similar deposit is 
present in the Sierra Nevada range front at Sonora Pass (see fig. 9B of Busby 
et al., 2013b).

Block-and-ash flow tuffs at The Dardanelles could be sampled for dating by 
40Ar/39Ar to provide age controls on the Relief Peak Formation, which is gen-
erally only broadly constrained to be between the Valley Springs Formation 
(older than ca. 18 Ma) and the TML (younger than ca. 11 Ma) in age. There are 
no dates on Relief Peak Formation paleochannel fill, and the only dates on 
Relief Peak Formation graben fills are (1) a block-and-ash flow tuff within an 
avalanche deposit in the Sierra Crest graben at Sonora Pass (10.39 ± 0.18 Ma, 
40Ar/39Ar, Fig. 4; Busby et al., 2008a); (2) a minimum age on a Relief Peak debris 
flow section in the Grouse Meadows fault block on the range front, provided 
by an 40Ar/39Ar hornblende date on a sill (12.15 ± 0.04 Ma; Busby et al., 2013b); 
and (3) a block-and-ash flow tuff within a debris flow section at the northern-
most end of the Sierra Crest graben, with an 40Ar/39Ar age of 11.33 ± 0.03 (Busby 
et al., 2013c).

Unconformity 3 and Sequence 3

At The Dardanelles (Fig. 5D), the unconformity beneath the TML (uncon-
formity 3) does not have as much relief (~60 m) as it does regionally (the 
pre-Latite unconformity of Slemmons, 1953, 1966; unconformity 3 of Busby 
et al., 2008a, 2008b; Hagan et al., 2009; Busby and Putirka, 2009; Busby, 2012). 
Sequence 3 consists of high-K volcanic rocks of the Stanislaus Group (Fig. 4).

Table Mountain Latite (sequence 3). The basal formation of the high-K 
Stanislaus Group, the TML (sequence 3, Tstml, Fig. 5D), was referred to as a 
flood andesite in Busby et al. (2013a) because it is so voluminous, and because 
it erupted from fissure vents (Fig. 2B). It consists mainly of trachyandesite and 
trachybasaltic-andesite lavas, with minor basalt lavas (Busby et al., 2013a, 
2013b). The TML is the major cliff former on Dardanelles Cone, East Darda-
nelles, and The Dardanelles (Figs. 7A, 7B, 7C, 8F). The TML is easily recog-
nized by its sheet-like lavas with large, sieve-textured plagioclase and smaller 
black pyroxene (Fig. 8H), although some lavas in a section of the TML may lack 
 pyroxene phenocrysts, or be phenocryst poor.

The TML lavas are mapped individually and correlated across The Darda-
nelles map area (Fig. 5D). The TML here has four lavas (Tstml 1–4) overlain 

by a lava we informally mapped as classic TML (Tstmlc; Figs. 6A, 6B), which 
in places directly overlies the Relief Peak Formation (Fig. 5D). The classic TML 
is distinctive for its unusually abundant (~40%) phenocrysts of large (13 mm) 
euhedral skeletal plagioclase, with smaller euhedral clinopyroxene and minor 
altered olivine (Figs. 6A, 6B). This resembles the 44-m-thick lava with classic 
TML paleomagnetic remanence direction (Pluhar and Cox, 1996), which was 
vented 18 km to the east at Sonora Peak, and extends 120 km to the west from 
The Dardanelles to Knight’s Ferry (Fig. 3), a total distance of nearly 140 km 
(Busby et al., 2008a, 2013a; Pluhar et al., 2009; Gorny et al., 2009). However, 
paleomagnetic studies at The Dardanelles are needed to confirm this correla-
tion. The classic lava is by far the thickest lava in The Dardanelles map area 
(50–150 m thick, Tstmlc; Fig. 5D) and is a major cliff former (Fig. 8F). It forms 
the only TML lava on the East Dardanelles (Peak 8948′ informally named in Fig. 
5C). It has thick (~10 m) lower and upper breccias (Figs. 6A, 6B), and much of 
the coherent interior has columnar joints (Fig. 8F), commonly subvertical but 
in places inclined due to cooling against the sides of erosional surfaces within 
the paleochannel. The columnar-jointed basal section passes upward into a 
>10-m-thick thick cobble-jointed entablature referred to as kuppaberg jointing 
(Fig. 8G); this style of cooling joints is inferred to form when water penetrates 
vertical joints along the top of a cooling lava, causing secondary joints to 
form perpendicular to them (Walker, 1993). It is a feature of lava quenched by 
flowing water above. We infer that the lava was emplaced into the paleochan-
nel in the presence of a river that was subsequently displaced onto the top 
of the cooling lava. In addition, river cobbles are entrained in the basal part of 
the TML on the south end of The Dardanelles.

The third latite lava in the TML in Dardanelles Cone area (Tstml3, Fig. 5D) 
is correlated with the second lava at The Dardanelles (also mapped as Tstml3) 
on the basis of lithology (see Koerner, 2010), including ~7%–10% pyroxene- 
olivine glomerocrysts that have not been observed elsewhere in the TML. This 
latite lava is also distinctive in chemical composition, because it borders on 
trachydacite in composition (but is a silicic latite; sample DC065, Busby et al., 
2008a). The TML lavas beneath the classic lava generally lack breccia (Fig. 6A), 
and locally have basal tree molds as much as 1 m in diameter.

Eureka Valley Tuff (sequence 3). The TML is overlain by the Eureka Val-
ley Tuff (also in sequence 3; Fig. 4). A brief general description of the Eureka 
Valley Tuff is given here, before the details of its features at The Dardanelles 
are described (Fig. 4). The Eureka Valley Tuff has three trachydacite ignimbrite 
members (Fig. 4): the Tollhouse Flat Member, the By-Day Member, and the 
Upper Member (cf. Busby et al., 2013a). The lower two trachydacite ignimbrites 
(Tollhouse Flat and By-Day Members) are welded, and each consists of a single 
cooling unit with a distinctive black basal vitrophyre (Fig. 8I); in many places, 
only the black basal vitrophyre is preserved, making a distinctive black sheet 
that can be recognized from great distances. In other places, the black vitro-
phyre passes upward into gray moderately welded ignimbrite (Figs. 8J) with 
black obsidian fragments of the same composition, and white silicic rock frag-
ments (Fig. 8K). Some obsidian fragments are angular and not flattened, while 
others are flattened (Fig. 8K), sometimes with rigid and plastically deformed 
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blocks mixed together. The lower welded ignimbrite (Tollhouse Flat Member, 
Tset) is easily distinguished from the upper welded ignimbrite (By-Day Mem-
ber, Tseb) by its abundant, large biotite crystals. The third ignimbrite of the 
Eureka Valley Tuff, referred to as the Upper Member (Tseu; Fig. 4; cf. Busby 
et al., 2013a), is a white nonwelded ignimbrite. All three ignimbrites of the 
Eureka Valley Tuff were erupted from the Little Walker caldera (Figs. 3 and 5A; 
cf. King et al., 2007).

Lavas between the Tollhouse Flat Member and the By-Day Member in 
the vicinity of the Little Walker caldera were referred to as the Latite Lava 
Flow Member by Priest (1979), but when Koerner et al. (2009) found trachy-
dacite lavas at this stratigraphic level in the Stanislaus Group reference section 
at Bald Peak, the name was revised to Lava Flow Member (Tsel), to include 
trachy dacites as well as trachyandesites and trachybasaltic andesites. Lavas 
of the Lava Flow Member were erroneously identified as Dardanelles Forma-
tion previously (cf. Koerner et al., 2009), but that formation is above the Upper 
Member (Fig. 4), and consists of a distinctive single glassy black aphyric lava 
(described in the following). Although the Lava Flow Member is commonly 
trachydacite, and thus relatively easily distinguished from the TML, it includes 
trachyandesites, trachybasaltic-andesites, and basalts, which can only be dis-
tinguished from the TML if the Tollhouse Flat Member (or detritus thereof) 
intervenes (Koerner et al., 2009; Busby et al., 2013a). The Lava Flow Member 
also includes basalt lavas (Busby et al., 2013a), including a basalt described 
here at The Dardanelles (Figs. 5D and 6B).

Another lava member has been recently identified at the base of the Eureka 
Valley Tuff (Fig. 4), referred to as the Basal Lava Flow Member (Fig. 4; Busby 
et al., 2013a); it is distinguished from the TML and the Lava Flow Member of 
the Eureka Valley Tuff by being a trachydacite lava that overlies the TML and is 
overlain by the Tollhouse Flat Member in the Bald Peak reference section (Chris 
Pluhar, 2013, written commun.). Because the TML has no trachydacite within 
it and the Eureka Valley Tuff Formation does, the trachydacite lava is assigned 
to the Eureka Valley Tuff. As described in Busby et al. (2013a), trachydacite lava 
of the Basal Lava Flow Member has an 40Ar/39Ar age of 9.94 ± 0.03 Ma (Fig. 4), 
which is older than the Tollhouse Flat Member (40Ar/39Ar age of 9.54 ± 0.04 Ma), 
so it cannot be part of the Lava Flow Member. We have found no lavas be-
tween By-Day Member and Upper Member ignimbrites, which also appear to 
overlap in age (although the error on the By-Day Member is large; see Pluhar 
et al., 2009). Many lavas in the Eureka Valley Tuff were erupted from fault-con-
trolled vents in the Sierra Crest graben-vent complex (Fig. 2B; Busby et al., 
2013a), although some are closely associated with the Little Walker caldera, as 
noted here (Priest, 1979).

Tollhouse Flat Member, Eureka Valley Tuff. In The Dardanelles segment of 
the Cataract paleochannel (Fig. 5), the Tollhouse Flat member of the Eureka 
Valley Tuff overlies the TML (i.e., there is no Basal Lava Member; Fig. 6B). The 
Tollhouse Flat Member forms the most regionally extensive unit of the Stan-
islaus Group, and occurs from Nevada to the Sierra foothills (Fig. 3). How-
ever, within the paleochannels of the Sierra Nevada, it is commonly preserved 
within smaller channels, forming a horizon of lenses like a string of pearls. 

In The Dardanelles segment of the Cataract paleochannel (Fig. 5D), erosional 
remnants of the Tollhouse Flat Member are only present on Dardanelles Cone, 
and in a single small channel fill on top of The Dardanelles. However, on The 
Dardanelles, at the stratigraphic position where the Tollhouse Flat Member 
should be (above the TML; Fig. 6A), fluvial and debris flow deposits contain 
abundant rounded boulders, cobbles, and pebbles of Tollhouse Flat ignimbrite 
(not mapped separately but shown in measured section in Fig. 6A; see Figs. 
8L–8M). This indicates up-paleochannel erosion of Tollhouse Flat Member 
welded ignimbrite, and fluvial transport sufficient to round the clasts before 
they became incorporated in the debris flow. The debris flow deposit also con-
tains olivine basalt boulders (Fig. 6A), similar to the olivine basalt lava (sample 
DC036, Busby et al., 2008a) that is at the base of the Lava Flow Member on 
Dardanelles Cone (Tselb, Figs. 5D and 6B), overlying Tollhouse Flat ignimbrite.

Lava Flow Member, Eureka Valley Tuff. The Lava Flow Member on Darda-
nelles Cone is distinguishable from the TML only by its stratigraphic position 
above the Tollhouse Flat Member, not by composition, because it here has no 
trachydacite lava; instead it is a basalt lava overlain by a trachyandesite lava 
(Figs. 5D and 6B).

The olivine basalt at the base of the Lava Flow Member on Dardanelles 
Cone has subhedral embayed olivine with iddingsite rims, euhedral to sub-
hedral clinopyroxene, rare euhedral to anhedral sieve-textured plagioclase, 
and opaque oxide microcrysts set in an aphanitic, fine-grained, trachytic-tex-
tured groundmass (Fig. 6B). Its flow top breccia contains delicate plastically 
deformed scoria clasts, perhaps suggestive of a proximal source, although 
these can be rafted moderate distances; a nearby olivine basalt dike (Tselbi 
dike by Dardanelles Cone, Fig. 5) may represent a feeder, although no vent 
deposits are preserved in the paleochannel. The Dardanelles segment of the 
Cataract paleochannel is unfaulted; it also lacks intrusions (except for the sin-
gle dike), in marked contrast to faulted rocks at the range crest and range front; 
thus, although the Lava Flow Member basalt on Dardanelles Cone may have 
vented locally, that was an unusual occurrence.

The Lava Flow Member on The Dardanelles consists of a trachydacite lava 
(geochemistry sample DC064 of Busby et al., 2008a) that is easy to distinguish 
from the TML because (1) it is underlain by the Tollhouse Flat Tuff and detritus 
derived from it, and (2) it exhibits a bulbous profile (high-aspect ratio) typi-
cal of silicic lavas rather than being sheet-like (Figs. 8M, 8N). The 60-m-thick 
trachydacite lava on the top of The Dardanelles has ~10%–20% phenocrysts, 
including euhedral skeletal plagioclase laths, lesser anhedral pyroxene, and 
subhedral oxidized hornblende. Kuppaberg entablature occurs in the top ~5 m 
(Fig. 8M), showing (like the TML, Fig. 8G) that river water flowed over the top 
of the lava while it was cooling. The lava is commonly flow banded, with a 
dark blue-gray, vitreous interior, and it has very well developed perlitic fracture 
suggestive of quenching by stream water.

The Lava Flow Member trachydacite lava on The Dardanelles was referred 
to as Dardanelles flow by Ransome (1898) and mapped as the Dardanelles 
Formation by Huber (1983a), but there is no Dardanelles Formation on The 
Dardanelles.
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Dardanelles Formation (sequence 3). We report here for the first time that Dar-
danelles Formation is on the top of Dardanelles Cone (sequence 3; Tsdl, Fig. 5D) 
on top of the Lava Flow Member (Fig. 6B), although it is a very small (16 × 8 m) 
erosional remnant. There is no intervening By-Day Member and Upper Member 
that would enable one to recognize it by stratigraphic position; however, that 
is not necessary, because the Dardanelles Formation is very distinctive, in the 
field, in mineralogy, and in chemistry. It is a jet-black, unusually glassy lava; 
although it is nearly aphyric, it is distinctive for having resorbed hornblende 
in addition to clinopyroxene and olivine, and it is the only shoshonite we have 
found in the Stanislaus Group (sample DCO32 of Busby et al., 2008a).

Unconformity 4 and Sequence 4

There are no sequence 4 rocks (i.e., the Disaster Peak Formation) in The 
Dardanelles segment of the Cataract paleochannel, nor have any been found in 
the syndepositionally faulted segment of the Cataract paleochannel. One could 
argue that sequence 4 rocks have been eroded off the top of the Stan islaus 
Group (sequence 3), but that is not consistent with the inset nature of all other 
units in the paleochannel fills. Sequence 4 rocks are inset into sequence 3 
rocks along unconformity 4 in the deranged north-northwest paleochannel fill 
along the modern Sierra Crest (described in detail in the following).

Onset of Paleochannel Derangement in East-West 
Cataract Paleochannel at Red Peak–Bald Peak

The Red Peak to Bald Peak area is along the western edge of the Sierra Crest 
graben (Fig. 2B), where the fill of the Cataract paleochannel forms a resistant 
ridge from Red Peak to Bald Peak (Fig. 9). The slip history for faults of this area 
was described in detail in Busby et al. (2013a), fault by fault; here we describe 
the effects of syndepositional faulting on the paleochannel fill, sequence by 
sequence. Postdepositional faulting is also described elsewhere (Busby et al., 
2013a). The fault blocks, from east to west, are (Figs. 5C and 9): (1) the Red Peak 
horst block, between the east-dipping Seven Pines normal fault to the east, 
and the west-dipping Red Peak normal fault to the west; (2) the hanging-wall 
graben of the west-dipping Red Peak normal fault, which contains an east-dip-
ping antithetic normal fault to the Red Peak fault, the Douglas Creek fault; and 
(3) the hanging-wall graben of the west-dipping Bald Peak normal fault.

In addition to describing the effects of syndepositional faulting on the 
paleo channel fill, we note features that indicate deposition in a paleochannel, 
in order to contrast the deposits with graben-filling deposits not associated 
with any paleochannels.

Unconformity 1 and Sequence 1

Unconformity 1 (granitic basement below, Valley Springs Formation above) 
is extremely irregular, due to paleotopographic effects, and it is largely merged 
with unconformity 2 (Relief Peak Formation above). The Valley Springs Forma-

tion (Tvs) is only preserved at two localities: (1) in the Red Peak horst block, as 
a 100-m-thick and 150-m-long erosional remnant on a paleoledge on the side 
of a paleochannel in the granitic basement (Kgu, Figs. 5C and 9); and (2) on the 
north face of Bald Peak (Figs. 5C and 7D), as a 220-m-thick erosional remnant. 
Even where sparse, the remnants of the Valley Springs Formation indicate the 
original courses of the paleochannels, and here mark the Cataract paleochannel 
in the Bald Peak–Red Peak area.

Unconformity 2 and Sequence 2

Evidence for deposition of the Relief Peak Formation (Trp) in a paleo channel 
includes the following. (1) The base of the Relief Peak Formation is locally 
topographically lower than the base of the Valley Springs Formation in the 
Red Peak horst block (Fig. 5C), due to a reincision event in the paleochannel, 
which produced unconformity 2 (Fig. 4). Reincision surfaces are a distinguish-
ing feature of the paleochannels, and they are not present in the transten-
sional graben fill, which aggraded rapidly. (2) The Relief Peak Formation 
is here formed mainly of debris flow deposits (Trpdf, Fig. 5C), but they are 
stratified (not massive), as is obvious on the oblique air photo (Fig. 9). The 
 graben-filling debris flow deposits are massive, with abundant avalanche 
blocks, indicating catastrophic resedimentation (see following). (3) The paleo-
channel debris flow deposits have fluvial interbeds throughout (Figs. 10A, 
10C), which are absent from the graben fills elsewhere. The fluvial interbeds 
have clast imbrication and well-developed trough cross-beds that indicate a 
paleo-transport direction toward 238°–283°, consistent with transport in the 
Cataract paleochannel. The higher debris flow/fluvial deposit ratio of this seg-
ment of the Cataract paleochannel, relative to The Dardanelles segment, is 
consistent with its up-paleochannel position, closer to the inferred position 
of the arc front at this time (just to the east of the area mapped in Fig. 5A; 
discussed in the following).

The most obvious Cataract paleochannel syndepositional fault in the Relief 
Peak Formation is the Bald Peak fault (Fig. 9); there, the Relief Peak Formation 
(Trpdf) thickens from 45 m to 110 m on the downthrown block of the Bald Peak 
fault, where it also contains avalanche megablocks of pink and white block-
and-ash flow tuff. Some of the coarsest boulder conglomerates in the Cataract 
paleochannel are here (Fig. 10A), adjacent to the Bald Peak fault, perhaps mark-
ing the position of a plunge pool at the base of a fault-controlled waterfall in 
the Cataract paleochannel.

Unconformity 3 and Sequence 3

Table Mountain Latite (sequence 3). The TML here shows abundant evi-
dence for deposition in a fluvial paleochannel. Fluvial sandstone and con-
glomerate are between flows 2 and 3 in the Red Peak horst block (Tstmf, Fig. 
5C), with pebble- to boulder-sized, well-rounded clasts of latite. More fluvial 
conglomerates, with rounded cobbles and sparse boulders of latite and minor 
hornblende andesite, occur between the TML lavas and the Lava Flow Member 

 on February 8, 2016geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org
http://geosphere.gsapubs.org/


Research Paper

159Busby et al. | Progressive derangement of Nevadaplano paleochannels by Walker Lane faultsGEOSPHERE | Volume 12 | Number 1

lavas on the northeast face of Red Peak in the Red Peak horst block (Fig. 5C). 
Fluvial deposits are also interstratified with the TML on the hanging wall of 
the Red Peak fault, on the north side of the Red Peak–Bald Peak ridge (Fig. 
5C), where they form an ~40-m-thick section of white conglomerate and sand-
stone that fines upward. Fluvial deposits within the TML on the hanging wall 
of the Bald Peak fault (Fig. 5C) are at two stratigraphic intervals: a lower one 
on the north side of Bald Peak (Fig. 7D) and the higher one on the south face 
of Bald Peak. They are each as much as ~30 m thick, and have a mixture of 
hornblende-bearing andesitic and latite clasts, with rounded boulders as large 
as 2 m, indicating high axial gradients in the Cataract paleochannel. The TML 
lava flow 5 lenses out within a minor channel cut into the upper of these two 
fluvial deposits (Fig. 5C). These fluvial deposits indicate that water continued 
to flow down the Cataract paleochannel between TML eruptions. Furthermore, 
measurements of elongate vesicles in this area (225°; see Koerner et al., 2009, 
fig. 11 therein) are consistent with the interpretation that this part of the TML is 
confined within, and was emplaced along, the Cataract paleochannel.

Volcanic fault-controlled venting within the Cataract paleochannel began 
during deposition of the TML in the hanging wall of the Bald Mountain fault, 
and continued through deposition of the Dardanelles Formation (see follow-
ing). Discontinuous, black, olivine-plagioclase-phyric basaltic lavas are be-
tween TML flows 3 and 4 on either side of the Bald Peak fault (Tstmb, Fig. 5C). 
The olivine basalt lava that is west of the fault strikes into olivine basalt vent fa-
cies deposits on the northeast side of Bald Peak (Tstmbvf, Fig. 5C). An intrusion 
that may be related to this basalt vent is ~1 km southwest of Bald Peak, along 
the east side of an unnamed fault; there, an olivine basaltic dike strikes ~315°, 
parallel to the fault (Tstmbi, Fig. 5C). Thus, fault-controlled volcanic venting 
played a role in the derangement of the Cataract paleochannel.

Eureka Valley Tuff (sequence 3). The Eureka Valley Tuff ignimbrites provide 
sensitive indicators of paleofault scarps in the paleochannel, because each ig-
nimbrite is an instantaneous event, and the upper surface of an ignimbrite 
is normally flat, while its base inundates topography, in this case created by 
the faults (see Tset and Tseb, Fig. 9A). The ignimbrites show rapid thickness 
changes across faults in the paleochannel, due to syndepositional faulting; in 
contrast, the ignimbrites are more widespread and even in thickness in the 
Sierra Crest graben east of the Seven Pines fault (Busby et al., 2013a).

Tollhouse Flat Member, Eureka Valley Tuff. The Tollhouse Flat Member is 
absent from the section in the Red Peak horst block, even though the Lava 
Flow Member lavas (which should be above the Tollhouse Flat Member) are 
present; this may mean that the softer ignimbrite was preferentially stripped 
away by uplift on the horst block, while the lavas resisted erosion. At the 
stratigraphic level where the Tollhouse Flat Member should be, a very narrow, 
25-m-deep paleochannel is mapped (Fig. 5C, map unit Tseldf). This deep nar-
row paleochannel is filled with a fault talus breccia composed of clasts of the 
Tollhouse Flat Member, including shattered avalanche blocks up to 3 m long 
(Figs. 10D, 10E). We interpret this to represent a fault talus accumulation; note 
the contrast between this fault-related breccia and the rounded Tollhouse Flat 
Member clasts at the same stratigraphic level in the nonfaulted paleochannel 

fill at The Dardanelles (Fig. 8L). The fault talus breccias and landslide blocks 
are geologic evidence of the paleochannel derangement that was in progress.

The Tollhouse Flat Member thickens from 0 to 25 m onto the downdropped 
block of the Red Peak fault (Figs. 5C and 9). It maintains an even thickness 
(25 m) from there to the Douglas Creek antithetic fault, where it thins abruptly 
to 7 m on the upthrown block. These relatively small scarps were buried by 
the Tollhouse Flat Member, allowing the paleochannel to continue to function 
after it was deposited.

Lava Flow Member, Eureka Valley Tuff. Lavas in the Eureka Valley Tuff are 
not as sensitive recorders of paleofault scarps as the ignimbrites, because 
most of them are silicic (trachydacite) and could therefore stick on steeper 
slopes (relative to Table Mountain trachyandesites, trachybasaltic andesites, 
and basalts), and develop irregular upper surfaces. A latite dike interpreted to 
be a feeder for the Lava Flow Member in the Red Peak horst block (pink with 
hachures; Fig. 5C) could be taken as an indication that faults were active in 
the paleochannel during eruption of the Lava Flow Member, but no systematic 
changes in thicknesses can be demonstrated across faults.

By-Day Member, Eureka Valley Tuff. The By-Day Member doubles in thick-
ness toward the footwall of the Red Peak fault, in the short distance between 
the Douglas Creek fault (30 m) and the Red Peak fault (60 m) (Figs. 5C and 9). 
Furthermore, the By-Day Member thins abruptly onto the upthrown block of 
the Douglas Creek fault, from 30 m to 20 m. Like the Tollhouse Flat Member, 
this ignimbrite buried fault scarps in the paleochannel, but the paleochannel 
continued to function (see following).

The By-Day Member is not preserved in the Cataract paleochannel at The 
Dardanelles, but it forms a relatively complete section in the Cataract paleo-
channel on the hanging wall of the Red Peak fault, so we describe it here. It 
includes a basal ~5-m-thick white and tan nonwelded to incipiently welded 
tuff, passing upward through ~20 m of welded tuff, with an ~5-m-thick orange 
vapor-phase–altered top. This contrasts with the By-Day Formation ignimbrite 
in the Sierra Crest graben fill, which is welded to the base (see Fig. 13A of 
Busby et al., 2013a). Perhaps this is due to greater conductive cooling around 
the surfaces of a channelized ignimbrite. The vitrophyres in both Tollhouse 
Flat and By-Day Members in the paleochannel have unusually well-developed 
perlitic fractures, suggesting quenching by running water.

Upper Member, Eureka Valley Tuff. This is the least extensive ignimbrite, 
and is not present at The Dardanelles, so we describe it here. The Upper Mem-
ber forms distinctive bright white outcrops that can be seen from a long dis-
tance. It is preserved at only two localities in the Cataract paleochannel (Figs. 
5C and 9). It has a thin (~20 cm) basal fine-grained ash-fall tuff, overlain by a 
white nonwelded ignimbrite. This in turn is overlain by a lithic-rich tan unit that 
may either be nonwelded ignimbrite or its equivalent reworked by debris flow, 
and it has a thin (<20 cm) discontinuous cap of stratified fluvially reworked 
tuff with pebbles. Because the Upper Member is not welded, it must have had 
a lower preservation potential within the paleochannel than the welded ig-
nimbrites. Given the fact that the overlying Dardanelles Formation lava was 
not erupted over the top of it until at least 350 k.y. later (Fig. 4), it is surpris-
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ing that any is preserved. This suggests that the paleochannel was basically 
abandoned by then, although one small outcrop of peperite at the base of 
the Dardanelles Formation lava suggests that the ground was wet at that lo-
cality (described in the following); the paleochannel remained a topographic 
low that acted as a funnel for the Dardanelles Formation lava, even though 
stream power had been eliminated. Similarly, lava was accommodated in the 
Mokelumne paleochannel after it was beheaded and ceased to function as a 
fluvial system (see following); we refer to this as a relict paleochannel.

Dandanelles Formation. Early workers first recognized the Dardanelles 
Formation on the hanging wall of the Bald Mountain fault, where the By-Day 
Member and Upper Member are not present, so it could have alternatively 
been considered a unit within the Eureka Valley Tuff; however, the same dis-
tinctive black glassy lava flow occurs above Upper Member on the hanging 
wall of the Red Peak fault, so the assignment was correct (see discussion in 
Koerner et al., 2009). It is as much as 60 m thick.

In one erosional remnant, only 8 m × 8 m, the Dardanelles Formation lava 
has a peperite base. Approximately 5 m of flow bottom breccia at the top of the 
outcrop passes downward into ~4 m of very irregularly shaped or pillow-like or 
angular fragments encased in a host of massive sandstone. This indicates that 
the lava locally burrowed into and interacted with wet sediment in the relict 
paleochannel. The Dardanelles Formation lava fills erosional surfaces cut less 
than a few meters down through the soft Upper Member and locally shows 
1–2 m of relief on the upper surface of the soft vapor-phase top of the By-Day 
Member of the  Eureka Valley Tuff. This is very modest erosion, given the length 
of time (>350 k.y.) and the softness of the substrate relative to other erosional 
surfaces within the Cataract paleochannel. The Dardanelles Formation is over-
lain by a single small (~20 m long) erosional remnant of fluvial sandstone and 
conglomerate, <1 m thick, with angular to rounded pebbles and cobbles of 
probable andesite and latite (no chemical analyses), tentatively assigned to 
the Dardanelles Formation (Tsdf?, Fig. 5). However, there are no younger units 
inset into the Dardanelles Formation along erosional surfaces, even though all 
older units in the paleochannel have overlying units inset along erosional sur-
faces. This suggests that enough water continued to flow through the conduit 
to deposit stream gravels on top, but not enough to erode it and transport new 
material into the conduit.

Dardanelles Formation vent facies deposits (Tsdvf; Figs. 5C and 7D) are 
preserved within the paleochannel fill on Bald Peak. In addition to red scoria 
fall typical of dry Strombolian eruptions, they include white cross-bedded tuff 
interpreted to represent phreatomagmatic deposits (from wet eruptions). The 
phreatomagmatic deposits indicate that there was standing water or ground-
water in the paleochannel at the time of eruption of the Dardanelles Formation.

Unconformity 4 and Sequence 4

Like the unfaulted Cataract paleochannel segment at The Dardanelles, 
there are no sequence 4 strata in the syndepositionally faulted segment of 
the Cataract paleochannel. Several intrusions are assigned to Disaster Peak 

Formation based on crosscutting relations, or a date younger than 9 Ma, but 
these are not related to paleochannnels. As at The Dardanelles segment, one 
could argue that Disaster Peak Formation strata were once present and have 
since been eroded; however, in both areas, there are no younger rocks inset 
into the Stanislaus Group along erosional surfaces, in contrast to older parts 
of the section, where the Stanislaus Group is inset into the Relief Peak Forma-
tion, which is in turn inset into the Valley Springs Formation. This indicates 
that the paleochannel was abandoned. We show here that sediment that pre-
viously came down the east-west Cataract paleochannel was diverted into a 
new north-northwest paleochannel in the Sierra Crest graben (deranged Cata-
ract paleochannel; Fig. 2B); this paleochannel is represented by the Disaster 
Peak Formation along the modern range crest in the Arnot Peak–Disaster Peak 
area (Fig. 5B).

Deranged North-Northwest Cataract Paleochannel 
on the Sierra Crest at Disaster Peak–Arnot Peak

The deranged Cataract paleochannel (Fig. 2B) provides a geologic record 
of the transition from ancient east-west drainages of the Nevadaplano to the 
north-northwest drainages of the Walker Lane belt. The deranged Cata ract 
paleochannel is in the Sierra Crest graben, a transtensional Walker Lane 
graben that began to form by 11–12 Ma (Busby et al., 2013a; Busby, 2013). 
Exposures of the Sierra Crest graben are divided into a northern segment 
(Fig. 5B) and a southern segment (Fig. 5C) separated by the South Fork Clark 
River glacial valley (Fig. 5A), which eroded into the Mesozoic basement be-
low the graben. However, some of the graben-bounding faults are contin-
uous between the two areas, and the synvolcanic graben fill has a similar 
thickness between the two preserved segments, so we infer that the graben 
was originally continuous between the two areas (Busby et al., 2013a). The 
northern segment is referred to as the Disaster Peak–Arnot Peak segment 
of the Sierra Crest graben, named for two major peaks along the modern 
Sierra Nevada crest (Fig. 5B).

We describe in detail for the first time the Disaster Peak Formation (se-
quence 4), which consists largely of volcanic debris flow and fluvial deposits 
that fill a north-northwest–flowing paleochannel (Figs. 11A–11F). These de-
posits overlie the Stanislaus Group (sequence 3) and the Relief Peak For-
mation (sequence 2), which here represent graben fill unrelated to a paleo-
channel; however, they are briefly described here, in order to (1) highlight the 
differences between graben fill and paleochannel fill, and (2) demonstrate 
that the north-northwest–deranged Cataract paleochannel was not part of the 
ancient east-west paleochannel system, but rather was between two of them, 
the Mokelumne paleochannel to the north, and the Cataract paleochannel to 
the south (Fig. 2B). In order to demonstrate this, and to facilitate discussion 
of the Stanislaus and Mokelumne paleochannels, we use a series of time-
slice maps that show the distribution of preserved erosional remnants of 
sequences 1–4 (Fig. 12).
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Figure 11 (on this and following two pages). Outcrop photos of sequence 4 paleochannel deposits (Disaster Peak Formation, Figs. 4, 5, and 12D), including the north-northwest–deranged Cataract 
paleochannel and the Mokelumne paleochannel. (A) Northwest-dipping progradational fluvial wedge north-northwest–deranged Cataract paleochannel along the Disaster Peak–Arnot Peak range 
crest (Fig. 12D), viewed from the east. The wedge consists of an approxi mately 300 m thick section of crudely-stratified volcanic debris flow deposits and well-stratified fluvial deposits, shown in 
closeup photos in Figures 11B, 11C, and 11D. (B) Stratified boulder to cobble conglomerate and pebbly sandstone with well-rounded clasts, indicating transport in a paleochannel, but also includ-
ing outsized angular blocks that were locally derived from within the north-northwest Sierra Crest graben, which contains the NNW–deranged Cataract paleochannel. Slide blocks of distinctive 
Stanislaus Group strata, as much as 25 m long, occur at several localities in sequence 4 within the graben, indicating that it continued to subside during deposition of sequence 4. (C) Well-stratified 
fluvial pebbly sandstones and sandstones in the NNW–deranged Cataract paleochannel in the Sierra Crest graben. (D) Cross stratification in fluvial granule sandstone in the NNW–deranged Cata-
ract paleochannel in the Sierra Crest graben, indicating paleocurrent direction toward the north (to left).
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Figure 11 (continued). (E) White pumice lapillistone, pumice lapilli tuff and tuff variably mixed with andesitic volcanic rock fragments by streamflow within the NNW–deranged Cataract paleo-
channel in the Sierra Crest graben. The Disaster Peak Formation has much more abundant silicic pyroclastic debris than the arc rocks that predate the high-K volcanism (Relief Peak Formation), 
which have an ~1-m-thick silicic pyroclastic deposit at only two localities (at The Dardanelles, described here, and in the Grouse Meadows fault block on the range front, see fig. 9 of Busby et al., 
2013b). (F) Closeup of outcrop shown in E, showing sequence 4 Disaster Peak Formation silicic pumice lapilli mixed with andesitic detritus in the fluvial environment. These silicic tuffs and lapilli 
contain biotite, which is absent from the sequence 2 Relief Peak Formation. (G) Mokelumne paleochannel (Fig. 2B) at Bull Run Peak (Figs. 5A and 12D). View of the north face, showing Mesozoic 
granitic basement at the base (white, mainly in trees), directly overlain by Sequence 2 Relief Peak Formation andesitic fluvial and debris flow deposits, which are dark gray and ledge-forming. 
Above that is cliff-forming columnar jointed andesite lava, inferred to be sourced from the 5–4 Ma Ebbetts Pass stratovolcano (Fig. 12D; see Tdpeps, Fig. 5B). (H) Closeup of Relief Peak Formation 
in Mokleumne paleochannel, showing well-rounded, well-sorted, stratified fluvial boulder to cobble conglomerate.
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Sequences 1–3

The Valley Springs Formation (Tvs) is the best indicator of paleochannel 
positions, and there is no Valley Springs Formation between the Cataract and 
Mokelumne paleochannels, except in one locality (slide blocks in Fig. 12A). 
Three very small (~100 × 100 m each) outcrops of white ignimbrite (south-
west corner of Fig. 5B) bear quartz, sanidine, and biotite, typical of the Valley 
Springs Formation. These three small Valley Springs Formation outcrops ap-
pear to be slide blocks (see three tiny pink dots along the top of the label “Slide 
blocks” in Fig. 12A) encased in an andesitic debris flow matrix, deposited in 
the Sierra Crest graben on the hanging wall of the Arnot Creek fault (Fig. 5B), 
which  ponded the TML to a thickness of ~500 m (Busby et al., 2013a); it is un-
clear where the Valley Springs Formation slide blocks came from, because the 
nearest in situ Valley Springs Formation is 8 km to the south in the Cataract 
paleochannel at the Bald Peak–Red Peak area, and 8 km to the north in the 
Mokelumne paleo channel at the Bull Run ridge area (Fig. 12A). However, slide 
blocks derived from the Oligocene welded rhyolite ignimbrites are common 
in the Sierra (e.g., Garrison et al., 2008; Busby et al., 2013a, 2013b), because 
the welding process instantaneously forms rock that breaks along compaction 
foliation into slabs, and the welded rhyolite ignimbrite slabs are hard enough 
to endure transport over relatively long distances.

The Relief Peak Formation, like the Valley Springs Formation, is absent 
from the Disaster Peak–Arnot Peak segment of the Sierra Crest graben (Fig. 
12B), supporting our interpretation that an east-west Nevadaplano paleochan-
nel did not cross the Sierra Nevada at this latitude. This is in striking contrast 
with the Sonora Pass segment of the Sierra Crest graben (SP, Fig. 12B), where 
the Relief Peak Formation forms an ~500 m thick, >50 km3 debris avalanche 
deposit, composed of slide blocks as much as 2 km long derived from Re-
lief Peak Formation and lesser Valley Springs Formation paleochannel fill in 
the Cataract and Stanislaus paleochannels (Busby et al., 2013a). There was no 
preexisting paleochannel fill to resediment into the Disaster Peak–Arnot Peak 
segment of the Sierra Crest graben as slide blocks. However, the Relief Peak 
Formation occurs as the basal fill of the northeast-striking transfer zone basins 
that began to form during sequence 2 (Fig. 12B; see Wolf Creek, Jones Can-
yon, Murray-Dumont, Mineral Mountain, and Poison Flat faults; Figs. 2B and 
5B). This does not represent paleochannel fill, because it consists of massive 
(wholly unstratified) volcanic debris flow deposits, with no fluvial interbeds, 
with lesser block-and-ash flow tuff (mapped separately where extensive; Fig. 
5B). One of these has a hornblende 40Ar/39Ar age of 11.33 ± 0.03 Ma (Busby 
et al., 2013c; data presented elsewhere). The transfer zone basins formed as 
part of the ca. 12–9 Ma Sierra Crest graben-vent system of Busby et al. (2013a, 
2013b; Figs. 2B, 5B, and 5C).

The Stanislaus Group in the Sierra Crest graben-vent system differs from 
that in the paleochannels in the following ways: (1) it has no fluvial interbeds, 
no rounded clasts of Eureka Valley welded ignimbrite, and no reincision sur-
faces; (2) the lavas do not have kuppaberg joints, perlitic fractures, or peperitic 
bases; (3) the vent facies deposits consist of scoria cones or scoria fissure ram-
parts, and do not include phreatomagmatic deposits.

Sequence 4

We herein divide sequence 4 (Disaster Peak Formation) into two time 
frames (Fig. 12D): (I) a deranged north-northwest paleochannel (ca. 9–5 Ma), 
which formed a north-flowing fluvial system preserved on the Arnot Peak–
Disaster Peak ridge, and (II) the Ebbetts Pass stratovolcano (5–4 Ma) in the 
Ebbetts Pass pull-apart basin; this fed lavas into the Mokelumne paleochannel 
(described in the following). Small subvolcanic intrusions mapped as Disaster 
Peak Formation (Fig. 12D) are common across the entire map area, but they 
are identified with crosses in the south half of the map area, in order to indicate 
that all of the Disaster Peak Formation there consists of intrusions, with no 
strata, except for queried outcrops in the Stanislaus paleochannel (described 
in the following).

I. Deranged North-Northwest Cataract Paleochannel. The Disaster Peak For-
mation in the north-northwest–deranged Cataract paleochannel is as much as 
540 m thick, similar to paleochannel depths reported from east-west paleo-
channels of the central Sierra (Wakabayashi and Sawyer, 2001; Busby et al., 
2008b; Wakabayashi, 2013). This similarity is not a coincidence; the depth is 

I
Figure 11 (continued). (I) Closeup of Relief Peak Formation in Mokleumne paleochannel, show-
ing andesitic debris flow deposits that are interstratified with the andesitic fluvial deposits; 
these debris flow deposits, and the fluvial deposits shown in H, are indistinguishable from the 
Relief Peak Formation in the Cataract paleochannel (Figs. 8B, 10A, 10B, 10C).
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consistent with the interpretation that it pirated sediment from the Cataract pa-
leochannel, and funneled it into the Mokelumne paleochannel to the north (I.? 
in the Mokelumne paleochannel in Fig. 12D). The base of the north-northwest–
deranged Cataract paleochannel (unconformity 4) incises through all units of 
the Eureka Valley Tuff, including the Lava Flow Member, into the TML (cross 
sections in Busby et al., 2013a, fig. 12 therein).

The Disaster Peak Formation in the north-northwest–deranged Cataract 
paleochannel forms a north-northwest–dipping fluvial wedge, and paleo-
current indicators, such as cross-stratification, indicate transport toward the 
north-northwest (Figs. 11C, 11D). The north-northwest–deranged Cataract paleo-
channel fill consists of debris flow deposits (Tdpdf) and interstratified fluvial 
and debris flow deposits (Tdpff) with minor block-and-ash flow tuffs (Tdpba) 
and lavas (Tdpl) (Fig. 5B), shown in Figures 11B–11D. The Disaster Peak Forma-
tion is distinguished from the Relief Peak Formation by its silicic explosive vol-

canic debris, mixed with andesitic debris (Figs. 11E, 11F). Here and in the larger 
map area (Fig. 5A) it also differs from the Relief Peak Formation by having 
lavas, vent facies deposits, and subvolcanic intrusions, indicating that the arc 
front was along the modern crest, rather than east of it as it was for the Relief 
Peak Formation. The debris flow deposits are stratified, and have abundant flu-
vial interbeds consisting of well-rounded boulder conglomerates (which show 
only weak imbrication due to their rounding; Fig. 11B), and pebbly sandstones 
and sandstones with planar stratification and cross-stratification (Figs. 11C, 
11D). Pumice lapilli tuffs and tuffs with quartz and biotite are variable admixed 
with andesitic rock fragments (Figs. 11E, 11F), indicating that the region was 
showered with silicic explosive volcanic products that were reworked within 
the north-northwest–deranged Cataract paleochannel. In contrast, the north-
east-striking transfer zone basins (Fig. 12D) lack fluvial deposits, and are filled 
with massive debris flow deposits (Tdpdf), and lesser block-and-ash flow tuff  
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Figure 12 (on this and following three pages ). 
Time-slice maps showing outcrops of the four 
main Tertiary unconformity-bound stratigraphic 
sequences (Fig. 4), taken directly from Figure 5 
to facilitate recognition of paleochannels (shown 
with stars) and grabens (not starred). No interpre-
tive restorations are shown; for example, we do 
not conjecture about the original extent of units 
where they are buried beneath younger units 
(e.g., compare sequence 3 and sequence 4 in 
 Arnot Peak–Disaster Peak area). Sierra Crest (black 
dashed line) and highways (red lines) shown for 
reference. EP—Ebbetts Pass, SP—Sonora Pass, 
LCF—Lost Cannon fault, GM—Grouse Meadows 
half-graben. Faults are also shown for reference 
in all four time slices, although none of them 
were present during time-slice 1 (Valley Springs 
Formation; for discussion of fault slip histories, 
see Busby et al., 2013a, 2013b). (A) Sequence 1: 
Valley Springs Formation. This was deposited 
entirely within paleochannels, before any faulting 
occurred, so it is the most reliable indicator of 
paleo channel courses. However, it is incompletely 
preserved due to later erosion and faulting. The 
Stanislaus paleochannel (in the south) preserves 
the most continuous outcrops in the map area, 
and contains the 25.4 Ma Nine Hill Tuff (see text). 
The Cataract paleochannel (center) has the great-
est preserved length of Valley Springs outcrops, 
from a position just west of Highway 395 (see 
Fig. 5A), to Knight’s Ferry on the west (Fig. 3). It 
appears to be offset in a dextral sense by an un-
named north-northwest–striking fault between 
Red Peak–Bald Peak and The Dardanelles, and 
continues off the west of the Figure 5 map area, 
reappearing ~4 km to the southwest at Whittakers 
Dardanelles (Fig. 3). The Mokelumne paleochannel 
in the north contains the ca. 29 Ma Tuff of Camp-
bell Creek (see text). Pk—peak.
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(Tdpba) and basalt lavas (Tdplb, Fig. 5B), with 40Ar/39Ar ages of ca. 7–5 Ma 
(reported in Busby et al., 2013c; complete age data available elsewhere). We 
do not consider these part of the north-northwest–deranged paleochannel fill 
(Fig. 12D).

The age of the base of the north-northwest–deranged Cataract paleochan-
nel fill is younger than 9.34 Ma (age of the Upper Member, Eureka Valley Tuff) 
and the top (sample JHEP-55, Fig. 5B) is dated as 4.91 ± 0.05 Ma (40Ar/39Ar 
on hornblende from a block-and-ash flow tuff, reported in Busby et al., 2013c; 
complete age data available elsewhere).

II. Ebbetts Pass stratovolcano. Basal strata of the Ebbetts Pass stratovol-
cano (Fig. 12D) are dated by 40Ar/39Ar as 4.73 ± 0.03 Ma (reported in Busby 
et al., 2013c; complete age data available elsewhere). Growth of this edifice 
presumably blocked northward transport in the north-northwest–deranged 
Cataract paleochannel, the youngest fill of which is dated as 4.91 ± 0.05 Ma. 
However, the stratovolcano formed within a larger pull-apart basin that proba-

bly began to form by ca. 6 Ma (discussed in the following); therefore, undated 
strata within the pull-apart basin could include deposits of the north-northwest– 
deranged paleochannel (shown as I. within the pull-apart basin in Fig. 12D). 
The Ebbetts Pass area (Fig. 5B) is described further (see following discussion of 
the Mokelumne paleochannel).

PART II. TIME-SLICE ANALYSIS OF PALEOCHANNELS, 
IN ORDER OF DERANGMENT (SOUTH TO NORTH)

A time-slice analysis of the east-west paleochannels across the region 
(Fig. 5) uses our new maps that show the present-day erosional remnants of 
sequences 1–4 (Figs. 12A–12D). We do this in the order we infer they were be-
headed, from south to north: the Stanislaus, the Cataract, and the Mokelumne 
paleochannels.
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Figure 12 (continued ). (B) Sequence 2: Relief 
Peak Formation, with paleochannel fill marked 
with stars; the rest is graben fill (Sierra Crest 
full graben, transfer zone grabens, and range-
front half-grabens are shown; see Fig. 2B). The 
grabens preserve remnants of Relief Peak For-
mation Cataract paleochannel fill in two places: 
under Sierra Crest graben fill overlying granitic 
basement on either side of the Saint Mary’s Pass 
faults (SM; right dextral oblique normal fault; see 
text), and under range front graben fill overlying 
in situ Valley Springs Formation on the hanging 
wall of the LCF (see Fig. 12A). Greater preserva-
tion of sequence 2 in the southern paleochannel 
( Stanislaus) relative to the central (Cataract) and 
northern (Mokelumne) paleochannels indicates 
that it was beheaded prior to erosion of uncon-
formity 3, as also shown by the absence of se-
quence 3 lavas there (shown in C).
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Stanislaus Paleochannel Time-Slice Analysis

The easternmost occurrence of the Valley Springs Formation in the Stan-
islaus paleochannel is just inside the east margin of the Sierra Crest graben 
southeast of Sonora Pass (SP, Fig. 12A), where the Valley Springs Forma-
tion overlies, in situ, granitic basement on the northeast side of Leavitt Lake 
in Leavitt Creek (Tvs, Fig. 5C; also mapped by Slemmons, 1953). The Valley 
Springs Formation also occurs as slabs within Relief Peak Formation debris 
avalanche deposits nearby, for example, at Sardine Falls (Figs. 5C and 8A); 
this is to be expected, because there is a paleochannel source for the slabs 
here. The Stanislaus paleochannel has not been found east of the Sierra Crest 
graben, because the Little Walker caldera (source of the Eureka Valley Tuff) is 
downdropped there along range-front faults (Fig. 5A); we infer that the Stan-
islaus paleochannel is deeply buried beneath the caldera.

The absence of in situ Valley Springs Formation within most of the Sierra 
Crest graben is consistent with the interpretation that nearly all of the pre–
Stanislaus Group strata within the graben represent debris avalanche depos-
its shed into the graben immediately before eruption of the Stanislaus Group 
(Busby et al., 2013a); preexisting paleochannel fill was evidently destroyed 
during graben subsidence, with the exception of a small paleochannel rem-
nant filled with Relief Peak Formation, offset in a dextral sense along the St. 
Mary’s Pass fault (Fig. 5C; see SM on Fig. 12B). An outcrop of possible in 
situ Valley Springs Formation occurs in the Sierra Crest graben on the north- 
facing cliffs between the Kennedy Creek fault and Highway 108 (see question 
mark in Fig. 12A), but we have not been able to access this outcrop to con-
firm this; it may instead be white fluvial deposits of Relief Peak Formation. 
In situ Valley Springs Formation reappears immediately west of the Sierra 
Crest graben, on the west side of the Kennedy Creek fault (Figs. 5A and 12A) 
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Figure 12 (continued). (C) Sequence 3: Stanislaus 
Group lavas (mainly Table Mountain Latite) and 
ignimbrites (Eureka Valley Tuff); paleochannel fill 
is marked with stars, the rest is graben fill. Lavas 
are present in the Cataract paleochannel (center), 
but not in the Stanislaus paleochannel, although 
the deposits of more mobile pyroclastic flows 
are present (Eureka Valley Tuff). The Mokelumne 
paleo channel (north) was beyond the depositional 
limit for the Stanislaus Group lavas, although one 
outcrop of Eureka Valley Tuff is present (EVT), 
attesting to the greater mobility of pyroclastic 
flows. MP—Mean Peak, where fluvial deposits in 
the  Stanislaus Group follow the approximately 
north-northwest trend of the half-graben (see text).
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(Slemmons, 1953; Roelofs, 2004). There the ignimbrite is capped by a sec-
tion of rhyolitic fluvial sands and gravels, as much as ~100 m thick, and both 
can be traced for nearly 5 km (Slemmons, 1953). This section ends against 
a prominent north-northwest shear zone (Fig. 12), referred to herein as the 
unnamed north-northwest–striking fault; this fault crosses both the Stanislaus 
paleochannel and the Cataract paleochannel.

The unnamed north-northwest–striking fault is clearly visible on a digital 
elevation map (DEM) as a linear valley-forming shear zone >25 km long and 
a few hundred meters wide, the center of which is schematically shown with 
dashes in Figure 5A. The unnamed north-northwest–striking fault appears to 
offset the Cataract paleochannel in a dextral sense (Figs. 12A–12C). Paleochan-
nels may meander; for example, the Valley Springs Formation (Tvs) defines an 
open meander in the Stanislaus paleochannel where it crosses Highway 108 
(Fig. 12A). However, all of the units of the Cataract paleochannel are abruptly 

offset in what would have been a very sharp northward bend, with no ero-
sional remnants of the intervening missing approximately north-northwest 
reach preserved (Figs. 12A–12C). Although we have not collected kinematic 
data along this north-northwest shear zone, all of the other north-northwest 
shear zones in the region have kinematic indicators of oblique dextral-normal 
shear (Busby et al., 2013a, 2013b), commonly with volcanic vents exploiting the 
oblique dextral-normal faults (Fig. 2B). Similarly, we infer that the unnamed 
north-northwest–striking fault has an extensional component of slip, because 
is the eruptive site of the ca. 177 ± 7 ka Columns of the Giants basaltic trachy-
andesite lava (Farmer et al., 2013), which flowed a short distance down the 
Middle Fork Stanislaus River on the south side of Highway 108 (Fig. 5A). Along 
the fault zone at the head of the flow, fresh mafic dikes cut the granitic base-
ment and are in turn cut by faults (J. Tollhurst and Busby, personal observa-
tions); these presumably represent feeders to the lava. To the south along the 
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Figure 12 (continued ). (D) Sequence 4: Disaster 
Peak Formation, subdivided into two time frames. 
I: 9–5 Ma north-northwest–deranged Cataract 
paleo channel along the Sierran crest, with fluvial 
deposits indicating northward flow; transfer zone 
graben deposits of same age are also shown. 
Mokelumne paleochannel captured sediments 
from this. II: 5–4 Ma Ebbetts Pass stratovolcano 
( Tdpeps, Fig. 5B), which formed in a pull-apart  basin 
that probably began to form ca. 6 Ma, and ulti-
mately beheaded the Mokelumne paleo channel, 
although the stratovolcano fed lava into the paleo-
channel (see text). Not divided by time frame are 
the small subvolcanic intrusions mapped as Disaster 
Peak Formation (Fig. 12D) based on crosscutting 
relations (i.e., intruding Stanislaus Group or strata 
of Disaster Peak Formation) or on dates; these are 
common across the map area, particularly along 
faults, but they are identified with crosses in the 
south half of the map area to show that Disaster 
Peak strata are absent there (except possibly at the 
southernmost edge, relict Stanislaus paleochannel, 
marked by question marks; see text).
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southwest margin of the fault zone, an undated rhyolite intrusion (mapped 
as Ti, Fig. 5A; geochemistry presented elsewhere) forms a narrow (~200 m) 
elongate body (~1 km long) that trends north-northwest and has pervasive 
flow-banded fabric aligned with the fault, suggesting that its emplacement 
was fault controlled. Perhaps this undated rhyolite intrusion forms part of a 
bimodal Quaternary suite that includes the Columns of the Giants. Keith et al. 
(1982) mapped a swarm of Tertiary intrusions astride a lineament that could 
represent the northern continuation of the unnamed north-northwest fault, in 
the headwaters of Highland Creek (Fig. 5A). We have not examined these, but 
they could be fault controlled; further work is needed to determine if these 
are intrusions (or lavas) and if they show any crosscutting relations with the 
unnamed north-northwest fault.

In contrast to the Cataract paleochannel, the Stanislaus paleochannel 
shows no obvious dextral offset on the unnamed north-northwest fault, sug-
gesting that dextral slip along the fault decreases southward. However, we 
suggest that the normal component of slip may increase southward, because 
south of Highway 108 the fault forms a prominent east-facing scarp (visible 
in the DEM at the south end of the Relief Reservoir; Fig. 5C), with a high rela-
tively flat region to the west that broadly slopes to the west, perhaps due to 
footwall uplift on the unnamed fault. Further work is needed on the unnamed 
north-northwest fault and the unmapped region south of Figure 5A, but we 
suggest that it represents the westernmost strand of the transtensional Walker 
Lane belt fault zone in the central Sierra, with probable Quaternary slip.

From the unnamed north-northwest–striking fault westward, the Valley 
Springs Formation forms a relatively continuous deposit (Figs. 5A and 12A); 
it crosses Highway 108 (Rapp, 1982; Huber, 1983a), where it consists of two 
ignimbrites described by C. Henry (2013, written commun.). The lower ig-
nimbrite, dated as 26.8 Ma, is probably correlative with upper tuff of Mount 
Jefferson that erupted from a caldera in the Toquima Range 270 km to the east 
in Nevada, described by Boden (1992) and Henry and Faulds (2010). The upper 
ignimbrite is the distinctive 25.4 Ma Nine Hill Tuff, which contains three feld-
spars (sanidine, plagioclase, and anorthoclase) as well as biotite and quartz, 
and has high Zr and Nb contents (~400 and 30–40 ppm, respectively; Deino, 
1985; Best et al., 1989; Brooks et al., 2008). As shown by Deino (1985, 1989; 
see also Best et al., 1989), the Nine Hill Tuff is particularly widespread, occur-
ring from the western foothills of the Sierra Nevada to near Ely, Nevada, a 
 present-day distance of ~500 km, and is postulated to have a source beneath 
the Carson Sink (C. Henry, 2013, written commun.).

The Relief Peak Formation in the Stanislaus paleochannel west of the un-
named north-northwest–striking fault (Fig. 12B) is deeply and complexly in-
cised into the Valley Springs Formation along unconformity 2, showing relief 
of >500 m across that area. The Relief Peak Formation forms a much broader 
belt than the Valley Springs Formation there (~5 km versus 1 km; Figs. 5A, 12A, 
and 12B), suggesting that it filled the paleochannel completely, and was not 
removed by subsequent reincision events. In this area, the Relief Peak Forma-
tion consists of andesitic fluvial and debris flow deposits, with sparse andesite 
block-and-ash flow tuffs (Busby and J. Tollhurst, personal observations; geo-

chemistry presented elsewhere), and the Jupiter uranium mine is within the 
paleochannel.

In the Stanislaus paleochannel east of the unnamed north-northwest–strik-
ing fault and west of the Kennedy Creek fault (Fig. 5A), Roelofs (2004) mapped 
Relief Peak Formation andesite lavas interstratified with sandstone and con-
glomerate; however, his measured section and photos show bodies that are 
too thin to represent andesite lavas (less than a few meters), with none of the 
flow-top or flow-bottom breccia that typifies andesite lava. In contrast, we ob-
served many sills and dikes within the sandstone-conglomerate section there, 
and no lavas (Busby and K. Putirka, personal observation). These undated in-
trusions are likely to be Disaster Peak Formation age, since those are common 
in the immediate area (Figs. 5C and 12D) (see supplemental information in 
Busby et al., 2013a); in contrast, we dated only one intrusion of Relief Peak 
age across the entire region mapped in Figure 5A, and that is a sill labeled 
Trp along the easternmost edge (described in detail in Busby et al., 2013b). 
We found no intrusions truncated by unconformity 3. The lack of intrusions 
of Relief Peak Formation age is consistent with the lack of andesitic lavas of 
that age (Fig. 5). Primary volcanic rocks in the Relief Peak Formation mapped 
in Figure 5 are restricted to (1) the deposits of andesitic block-and-ash flows, 
which may travel 10 km or more from source domes, particularly if they are 
funneled down a channel; and (2) basalt lavas in the Cataract paleochannel 
at The Dardanelles (Fig. 5D) that are more mobile than andesite lavas. This 
indicates that Relief Peak Formation vents fed material into the paleochannels 
from a position east of the area mapped in Figure 5.

In the Stanislaus paleochannel west of the unnamed north-northwest fault, 
the Relief Peak Formation is directly overlain by the Tollhouse Flat Member 
of the Eureka Valley Tuff; no other members or formations of the Stanislaus 
Group are present (Figs. 5A and 12C). This is in marked contrast with the Cata-
ract paleochannel to the north (Fig. 5 and 12C) that contains abundant Stan-
islaus Group lavas (TML, Basal Lava Flow Member, Lava Flow Member, and 
Dardanelles Formation). This indicates that the Stanislaus paleochannel was 
beheaded before the Cataract paleochannel was beheaded. In contrast with 
lavas, pumice-rich pyroclastic density currents are highly mobile, because 
they are typically fed from Plinian or sub-Plinian eruption columns and drop 
from great heights (Hayashi and Self, 1992), and can surmount obstacles as 
much as 1000 m high (Fisher et al., 1993). Therefore, it is not surprising that 
the Tollhouse Flat Member ignimbrite (by far the most widespread of the three 
ignimbrites of the Stanislaus Group; Fig. 1C) escaped the Sierra Crest graben 
to flow westward down the Stanislaus paleochannel. However, we consider it 
to have been a relict paleochannel by that time (Fig. 12C).

We have not examined the Disaster Peak Formation along the south margin 
of the Stanislaus paleochannel (west of the unnamed north-northwest–striking 
unnamed fault, Figs. 5A and 12D); this is shown on an unpublished map made 
by Slemmons in 1979 and provided to us by David Wagner (California Geo logi-
cal Survey). Therefore we cannot say if the rocks represent paleochannel fill 
(e.g., fluvial deposits and stratified debris flow deposits), or if they consist of 
volcanic and/or volcaniclastic rocks or intrusions unrelated to a paleochannel 
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(question marks in Fig. 12D). However, all other rocks of Disaster Peak Forma-
tion age in the southern half of the map area are intrusions (Fig. 12D), so we 
think it is likely that these rocks are intrusions or lavas related to them.

To summarize, the Valley Springs Formation forms a much more continuous 
belt in the Stanislaus paleochannel than it does in the Cataract or Mokelumne 
paleochannels, and the Relief Peak Formation is preserved in a much broader 
belt (Figs. 12A, 12B). We suggest that this is because the paleochannel was not 
subjected to the same degree of reincision along unconformities 3 and 4 that 
the Cataract paleochannel was subjected to, supporting the interpretation that 
the Stanislaus paleochannel was abandoned prior to regional development of 
unconformity 3 and the eruption of the TML, which is not present in the Stan-
islaus paleochannel (Figs. 2B, 5A, and 12C).

Cataract Paleochannel Time-Slice Analysis

The easternmost occurrence of in situ Valley Springs Formation that we 
have mapped in the Cataract paleochannel (near Highway 395, Fig. 12A) is in 
the hanging wall of the Lost Cannon fault north of Summit Meadow (Busby 
et al., 2013b) (LCF in Fig. 12A). There, 245–365 m of Valley Springs Formation 
overlies, in depositional contact, granitic basement; it is not in fault contact, as 
mapped by Slemmons (1953), because the welding foliation is conformable 
with the basal contact, which shows greater relief (due to paleotopography) 
than would a fault. At this locality the Valley Springs Formation thickens and 
thins rapidly over a strike length of only 4 km because its upper surface is 
deeply incised along unconformity 2, in a manner typical of paleochannel fill. 
Unconformity 2 is overlain by well-rounded, well-sorted fluvial boulder con-
glomerate of the Relief Peak Formation (sequence 2), with both granitic and 
andesitic clasts; this is typical of paleochannel fill (not graben fill). However, 
the overlying Relief Peak Formation debris flow deposits are massive, lack flu-
vial interbeds, and contain Valley Springs Formation megablocks as much as 
40 m long (mapped as Trpdfi, Relief Peak Formation debris flow deposits with 
large ignimbrite slabs; Busby et al., 2013b); furthermore, most of the ande-
site clasts are of one type (a dark colored plagioclase two-pyroxene andesite- 
basaltic andesite), suggesting remobilization from a limited area. This shows 
that the half-graben on the hanging wall of the Lost Cannon fault (LCF, Fig. 12B) 
began to form during deposition of the Relief Peak Formation. Furthermore, 
dips flatten upward within the overlying Stanislaus Group in this half-graben 
(Fig. 12C; Busby et al., 2013b), demonstrating subsidence during deposition. 
This indicates progressive disruption of the Cataract paleochannel. (For further 
information about the faults in the segment, see Busby et al., 2013b.)

In the Grouse Meadows fault block to the south (GM, Figs. 12A, 12B) a 
30-m-long outcrop near the base of the Relief Peak Formation was mapped as 
in situ Valley Springs Formation by Priest (1979), but it is clearly surrounded 
by Relief Peak Formation andesitic debris flow deposits, and therefore does 
not mark a paleochannel, but rather is a slide block (Busby et al. 2013b). There-
fore, in situ Valley Springs Formation is not shown there in Figure 12A. The 
debris flow deposits in the Grouse Meadows half-graben are entirely massive 

and lack any fluvial interbeds, although they have slabs of block-and-ash flow 
tuff (see measured section in fig. 9B of Busby et al., 2013b) in addition to the 
welded ignimbrite slabs. This is consistent with the interpretation that the Re-
lief Peak Formation here represents graben fill rather than paleochannel fill. 
We infer that unlithified Relief Peak Formation paleochannel fill was resedi-
mented into the half-graben (GM, Fig. 12B), because slabs of fluvial and debris 
flow deposits are not present, as they are in the much larger Relief Peak Forma-
tion debris avalanche deposit of the southern Sierra Crest graben.

No in situ remnants of Valley Springs Formation are preserved in fault blocks 
between the Lost Cannon half-graben (LC, Fig. 12A) westward to the syndepo-
sitionally faulted paleochannel fill (Bald Peak–Red Peak, Fig. 12A) although the 
Cataract paleochannel must have come through this region. There is only one 
relict Cataract paleochannel deposit preserved in the floor of the Sierra Crest 
graben, and that is a narrow (~1 km) V-shaped channel cut into granitic base-
ment and filled with ~200 m of Relief Peak Formation fluvial deposits (Trpf, Fig. 
5C), offset in a right-lateral sense by the oblique-normal St. Mary’s Pass fault 
(Fig. 12C; fault labeled SM in Fig. 12B); the rest of the Relief Peak Formation in the 
Sierra Crest graben consists of debris avalanche deposits (Busby et al., 2013a).

The Stanislaus Group shows evidence for minor north-northwest derange-
ment of the east-west Cataract paleochannel on the footwall of the Lost Can-
non fault at Mean Peak (MP, Fig. 12C), where a fluvial sections is in the middle 
of the TML (Tstmlf, Fig. 5A). Synvolcanic faulting there is shown by fanning 
dips and thickening of the TML toward the Lost Cannon fault. The fluvial peb-
ble conglomerate-sandstone unit within the TML section (Tstmlf, Fig. 5A) thick-
ens dramatically toward the fault, from 10 m to >60 m (Busby et al., 2013b), 
suggesting that a stream flowed parallel to the approximately north-north-
west–striking fault, although due to a combination of erosion (to the north) and 
burial (by Quaternary sediments to the south), this approximately north-south 
stream deposit can only be traced for a distance of 4 km (Fig. 5A).

East of the Sierra Crest graben, the Cataract paleochannel was at least 
partly disrupted during deposition of the Relief Peak Formation (sequence 2) 
and Stanislaus Group (sequence 3). To the west of the Sierra Crest full graben, 
however, the Cataract paleochannel continued to receive abundant fluvial sedi-
ment of a variety of andesite clast types during deposition of the Relief Peak 
Formation, showing that the Cataract paleochannel was not fully disrupted 
during deposition of sequence 2 (Fig. 12B). The Cataract paleochannel west of 
the Sierra Crest full graben continued to function as a conduit with  water in it 
throughout deposition of sequence 3 Stanislaus Group (Figs. 2B, 12C), funnel-
ing lavas and pyroclastic flows to the Sierra foothills (Fig. 3), although fluvial 
debris was mainly locally sourced from the Stanislaus Group. The Cata ract 
paleo channel west of the Sierra Crest graben was beheaded before Disaster 
Peak deposition began (sequence 4; Figs. 2B and 12D). We infer that the se-
quence 4 andesitic sediment load in the north-northwest–deranged Cataract 
paleochannel (Fig. 12D) was captured from some relict of the Cataract paleo-
channel east of the Sierra Crest graben (Fig. 2B), but this relict was destroyed 
by range-front faulting after eruption of the Stanislaus Group, accounting for 
~50% of the slip there (described in Busby et al., 2013b).
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Mokelumne Paleochannel Time-Slice Analysis

The Mokelumne paleochannel at Ebbetts Pass is the least well known of the 
four central Sierra Nevada paleochannels. Unlike the Carson Pass–Kirkwood 
paleochannel at Carson Pass (Busby et al., 2008b; Hagan et al., 2009) and the 
Stanislaus and Cataract paleochannels in the Sonora Pass area (Koerner et al., 
2009; Busby et al., 2013a, 2013b), no geologic maps have been published on 
the Ebbetts Pass region for more than 30 yr (Keith et al., 1982; Huber, 1983b; 
Armin et al., 1984). We present new geologic mapping at Ebbetts Pass (Fig. 5B) 
(to be described further with geochemical, petrographic, and geochronological 
data elsewhere). We reinterpret the 1980s published map data to the west of 
the pass (Fig. 5A), using our own field observations, together with geochemi-
cal data (to be presented elsewhere). This represents a first attempt at under-
standing the evolution of the Mokelumne paleochannel.

Like the other paleochannels, the course of the Mokelumne paleochannel is 
best defined by the presence of the Valley Springs Formation (Fig. 12A), which 
predates faulting in the Sierra Nevada. Near Ebbetts Pass, between the Noble 
Canyon and Grover Hot Springs faults (north end of Fig. 5B), the Valley Springs 
Formation (Tvsi) consists of a single ignimbrite, as much as 25 m thick, with 
sanidine, quartz, plagioclase, and biotite, for which Dalrymple (1964) reported 
a K/Ar age of 20.7 Ma. Henry et al. (2012) correlated this ignimbrite with the 
tuff of Campbell Creek, a voluminous (to ~3000 km3) ignimbrite that is present 
in five major paleochannels of the Sierra Nevada. The tuff of Campbell Creek 
has distinctive vermicular quartz and low Zr and Nb concentrations, and was 
dated between 29.04 ± 0.10 Ma and 28.84 ± 0.09 Ma by the 40Ar/39Ar method 
on sanidine (Henry et al., 2012). This tuff is one of the most extensive tuffs of 
western North America, together with the 25.4 Ma Nine Hill Tuff recognized in 
the Stanislaus paleochannel. Erosional remnants of the Valley Springs Forma-
tion extend westward from Ebbetts Pass, on either side of Highway 4 (Tvsi, Fig. 
5A), generally preserved beneath andesitic volcaniclastic and volcanic rocks.

Field distinction between the Relief Peak Formation and Disaster Peak 
Formation is only possible where Stanislaus Group intervenes (Fig. 4); other-
wise, radiometric dates are needed to distinguish between older and younger 
(older than 11–12 Ma, younger than 9 Ma) andesitic volcanic-volcaniclastic 
rocks. Thus much of the area mapped as the Relief Peak Formation by Armin 
et al. (1984) along Highway 4 appears on our maps as undifferentiated Mio-
cene or Pliocene volcanic rocks (Tvu, Fig. 5A), and these do not appear on the 
time-slice maps (Fig. 12). However, we follow Keith et al. (1982) and Huber 
(1983a) in mapping the Relief Peak Formation south of Highway 4 (Figs. 5A 
and 2B), because it is overlain at one locality by the Tollhouse Flat Member of 
the Eureka Valley Tuff (Tset, Fig. 5A; see EVT in Fig. 12C). The Tollhouse Flat 
Member of the Eureka Valley Tuff is the only Stanislaus Group deposit in the 
Mokelumne paleochannel (Fig. 12C), consistent with the widespread nature 
of that ignimbrite (Fig. 3). The Relief Peak Formation in the Mokelumne paleo-
channel is stratified, with well-rounded well-sorted fluvial boulder to cobble 
conglomerates (Fig. 11H) intercalated with stratified debris flow deposits (Fig. 
11I), consistent with the interpretation that it was deposited in a paleochannel. 

Strata that overlie the Valley Springs Formation at Ebbetts Pass are largely too 
altered to date (Tvu and Tva, Fig. 5B); they could include Relief Peak Formation 
(question mark in Fig. 12B), or they could consist entirely of the older part (ca. 
9–5 Ma) of the Disaster Peak Formation (I in Fig. 12D, and described further in 
the following); regardless, they are in the substrate of the ca. 5–4 Ma Ebbetts 
Pass stratovolcano (Tdpeps, Fig. 5B; discussed in the following).

We subdivide the Disaster Peak Formation into frames: (I) deranged 
north-northwest Cataract paleochannel (ca. 9–5 Ma), and (II) Ebbetts Pass 
strato volcano (ca. 5–4 Ma) (see Fig. 12D). Strata of the older time frame appear 
to be present in the Mokelumne paleochannel north of Highway 4 (I in Fig. 
12D), where Armin et al. (1984) reported a hornblende 7.3 ± 0.3 Ma K/Ar age 
on an andesite lava. This is similar to the 40Ar/39Ar hornblende age of 6.367 ± 
0.017 Ma on a dacite lava (Tdpld, Fig. 5B) that is south of the ca. 5–4 Ma Ebbetts 
Pass stratovolcano (Tdpeps, Tdpis, Fig. 5B), in the south end of the Ebbetts 
Pass pull-apart basin (I in Fig. 12D). It is also similar to a 40Ar/39Ar hornblende 
age of 6.203 ± 0.011 Ma on a slide block of andesite within the Ebbetts Pass 
stratovolcano section (dates to be presented elsewhere); the slide block was 
presumably shed from the walls of the pull-apart basin. However, the 7.3 Ma 
andesite lava Armin et al. (1984) described in the Mokelumne paleochannel is 
too far from any fault to represent a slide block, and therefore represents a lava 
that flowed down the paleochannel. The 7.3 Ma lava is also important for pro-
viding a maximum age on overlying rocks in the paleochannel that Armin et al. 
(1984) mapped as Raymond Peak and Silver Peak andesites of Wilshire (1957) 
and that we map as Ebbetts Pass stratovolcano (Tdpeps; Figs. 5A, 5B, and 12D).

Armin et al. (1984) described the Raymond Peak and Silver Peak andesites 
of Wilshire (1957) as volcanic debris flow deposits, tuffs, lavas, and volcanic 
necks, with less alteration than the underlying Tertiary (Paleogene–Neogene) 
rocks, and distinguished it from the Relief Peak Formation by the presence of 
lavas and less alteration. We agree that the same formation (Raymond Peak 
and Silver Peak andesites of Wilshire [1957]) can be correlated along the crest, 
from the Raymond Peak area to the Silver Peak–Highland Peak area, separated 
by granitic basement and the Nobel Canyon fault (Figs. 5B and 12D), and that 
it is less altered than underlying rocks. We interpret this map unit largely as 
an eroded stratovolcano (Ebbetts Pass stratovolcano, Fig. 12D; Tdpesp, Figs. 
5A, 5B), with radial dips, composed of lavas, block-and-ash flow tuffs, and vol-
canic debris flow deposits, with silicic plugs in its core. Armin et al. (1984) also 
mapped this unit ~10 km west of Ebbetts Pass, north of Highway 4 (Tdpeps, 
Fig. 5A); we interpret it as lava that was erupted from the Ebbetts Pass strato-
volcano and flowed down the Mokelumne paleochannel (II in Fig. 12D). In addi-
tion, we propose that the lava on the Bull Run ridge south of Highway 4 (Tdeps, 
Fig. 5A; see II in Fig. 12D) has the same origin (Fig. 11G). Although Huber 
(1983a) mapped the lava on Bull Run as the Dardanelles Formation, as noted 
here and elsewhere (Koerner et al., 2009; Busby et al., 2013a), a variety of lavas 
were previously erroneously assigned to the Dardanelles Formation; where its 
stratigraphic context can be demonstrated (overlying the Upper Member of the 
Eureka Valley Tuff), the Dardanelles Formation consists of a single distinctive 
jet-black glassy nearly aphyric shoshonite lava. The lava on Bull Run does not 

 on February 8, 2016geosphere.gsapubs.orgDownloaded from 

http://geosphere.gsapubs.org
http://geosphere.gsapubs.org/


Research Paper

171Busby et al. | Progressive derangement of Nevadaplano paleochannels by Walker Lane faultsGEOSPHERE | Volume 12 | Number 1

match this description; it is not aphyric or glassy, and its chemical composition 
is andesite (geochemistry to be to be presented elsewhere). Thus, although the 
Mokelumne paleochannel must have been cut off from source areas east of 
Ebbetts Pass by the time the stratovolcano formed (by ca. 5 Ma), it continued to 
serve as a conduit for lavas erupted from the Ebbetts Pass stratovolcano (that 
is, it was a relict paleochannel).

TIMING OF DERANGEMENT OF SIERRA NEVADA 
PALEOCHANNELS FROM SONORA PASS TO THE TAHOE BASIN

Here we briefly summarize evidence for the timing of beheading of the next 
two paleochannels to the north of the three paleochannels described in detail 
above, then summarize the regional pattern.

The north-south, down-to-the-east fault we refer to as the Grover Hot 
Springs fault (Fig. 5A) continues northward from Ebbetts Pass ~11 km (Fig. 2B; 
Armin et al., 1984). We have not mapped this area because the rocks are largely 
too altered and poorly exposed to be suitable for detailed stratigraphic and 
structural work. However, <5 km to the west of the northern half of the Grover 
Hot Springs fault, higher on the range front, are largely unaltered, very well 
exposed volcanic rocks on either side of and within the north-northwest Hope 
Valley, a full graben, the western footwall of which forms the modern Sierra 
Nevada crest (Fig. 3B; see map in Hagan et al., 2009). Like the modern East Fork 
of the Carson River, the headwaters of which are controlled by faults of the 
north-northwest Sierra Crest full graben, the headwaters of the modern West 
Fork of the Carson River are within the north-northwest Hope Valley graben.

The age of the paleochannel fill and the timing for its beheading are very 
well constrained at Carson Pass (Busby et al., 2008b; Hagan et al., 2009). East 
of the Hope Valley fault are two paleotributaries that merge within the area of 
the graben into a single paleochannel mapped from the crest westward to the 
Kirkwood ski area (Busby et al., 2008b; Hagan et al., 2009). The paleochannel 
fill includes Valley Springs Formation (including 25.4 Ma Nine Hill Tuff; Henry 
and John, 2013), and Miocene fluvial and debris flow deposits interstratified 
with block-and-ash flow tuffs and rare lavas, ranging from 15.5 ± 0.6 Ma to 
6.13 ± 0.12 Ma (40Ar/39Ar; Busby et al., 2008b; Hagan et al., 2009). The Red Lake 
and Hope Valley faults were active by 6 Ma, as shown by eruption of horn-
blende andesite lava through the former, and emplacement of the Markleeville 
intrusive complex along the latter (Hagan et al., 2009). No younger deposits 
occur in the paleochannel to the west, indicating that it was beheaded when 
the Hope Valley graben began to form at 6 Ma.

Approximately 40 km to the north of the Carson Pass at the latitude of Lake 
Tahoe (Fig. 1) is an east-west paleochannel that has been very well studied east 
of the Sierra Nevada range front (Henry et al., 2012; Henry and John, 2013), but 
studies of this paleochannel within the Sierra Nevada have focused mainly on 
the Oligocene ignimbrites (Henry and John, 2013), so relatively little is known 
about its Miocene to Pliocene history. However, Schweickert (2009) summa-
rized the distribution of andesite lavas in this part of the Sierra, and they ap-

pear to coincide well with the east-west paleochannel defined by the Oligo-
cene ignimbrites on a map (Garside et al., 2005). Cross sections in  Schweickert 
(2009, Fig. 5 therein) show andesitic debris flow and fluvial de posits overlain 
by andesite lavas, and on these cross sections, the strata appear to be within 
paleochannels cut into the granitic basement. As summarized by Schweickert 
(2009), there are 9 whole-rock K/Ar ages on these lavas, ranging from 5.2 to 
3.0 Ma (Harwood, in Saucedo and Wagner, 1992); although the K/Ar dating 
method is not as reliable as 40Ar/39Ar, the large number of similar ages suggests 
to us that the paleochannel continued to function until ca. 3 Ma.  Schweickert 
(2009) showed that the modern west-flowing drainages incise deeply into the 
dated lavas, and inferred that uplift and westward tilting on the range-front 
fault began after ca. 3 Ma. Although one could argue that this tilting occurred 
on faults further east (and therefore does not record beheading of the paleo-
channel), an age estimate of beheading of ca. 3 Ma is consistent with the age 
of initiation of tilting of strata directly to the east in the Boca Basin (Mass et al., 
2009), discussed by Wakabayashi (2013). We thus estimate the timing of be-
heading of the paleochannel at Lake Tahoe as 3 Ma.

We demonstrated that the Stanislaus paleochannel was largely abandoned 
before eruption of the Stanislaus Group (by ca. 11 Ma); the Cataract paleochan-
nel was abandoned by the end of Stanislaus Group eruption (by ca. 9 Ma); and 
the Mokelumne paleochannel was beheaded between ca. 6 and 5 Ma. The Car-
son Pass–Kirkwood paleochannel, ~16 km north of that, was beheaded around 
the same time (ca. 6 Ma), and the next paleochannel, ~40 km to the north of 
that at Lake Tahoe, was beheaded ca. 3 Ma. The timing of beheading, from 
the Stanislaus paleochannel to Lake Tahoe, thus corresponds to the northward 
migration of the Mendocino Triple Junction and northward propagation of the 
Walker Lane transtensional strain regime (Fig. 2A). This is consistent with the 
interpretation of Wakabayashi (2013) that initiation of stream incision and in-
ferred rock uplift appear to young northward, from the Kern River in the south-
ern Sierra to the northern limit of the Sierra, consistent with a connection to 
the northward-migrating triple junction.

CONCLUSIONS

Although Cenozoic paleochannels in the Sierra Nevada were a major target 
of the nineteenth century California gold rush, and have been recognized as 
paleochannels for more than a century (Ransome, 1898; Lindgren, 1911), they 
have not previously been the subject of detailed geologic mapping. This study, 
together with our recent studies at Carson Pass (Busby et al., 2008a; Hagan 
et al., 2009), focused on paleochannels in the central Sierra Nevada, because 
these are far better exposed than those of the northern Sierra (which is on 
lower, forested ground), and their fill has not been largely eroded away like 
those of the southern Sierra (which forms the highest, most deeply dissected 
ground). Superior exposure has allowed us make detailed maps of litho-
facies, unconformity surfaces, and syndepositional to postdepositional faults. 
We used these to study the evolution of paleochannels having basal fill that 
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formed in a tectonically stable environment, and demonstrate how these be-
came progressively disrupted by Walker Lane transtensional grabens (starting 
ca. 12 Ma), ultimately becoming deranged into north-northwest trends typical 
of drainages in the Walker Lane belt today.

For the first time, we showed that three distinct ancient east-west paleo-
channels crossed the Sierra Nevada in the Sonora Pass–Ebbetts Pass region; 
from south to north these are the Stanislaus, Cataract, and Mokelumne paleo-
channels (Fig. 12). These formed on the western shoulder of a broad Creta-
ceous uplift with its drainage divide in eastern Nevada, called the Nevada-
plano. Previously it was inferred that a single east-west paleochannel crossed 
the Sierra at Sonora Pass, variably referred to as the Cataract or Stanislaus 
paleochannel, but we show here that in part the paleochannel deposits were 
confused with ca. 12–9 Ma transtensional graben fills of the Sierra Crest 
 graben-vent system (Fig. 2B); the latter was not recognized prior to our recent 
work (Busby et al., 2013a, 2013b). Using criteria defined herein to distinguish 
between the paleochannels and the transtensional grabens, we recognize two 
distinct east-west paleochannels at Sonora Pass, the Stanislaus paleochannel 
in the south and the Cataract paleochannel in the north (Fig. 12). We also used 
these criteria to map the course of the east-west Mokelumne paleochannel at 
Ebbetts Pass (Fig. 12), and distinguish it from the fill of the Ebbetts Pass pull-
apart basin (Fig. 2B), which ultimately beheaded it.

We herein define criteria for distinguishing between volcanic-volcaniclastic 
paleochannel fill versus graben fill; many of these criteria can be applied to other 
sedimentary settings, although some are particular to volcanically active set-
tings. The most obvious (and most exportable) criteria for distinction of vol cani-
clastic paleochannel fill from graben fill are (1) interstratification of abundant 
fluvial conglomerates and well-stratified (not massive) debris flow deposits with 
the primary volcanic rocks, (2) deep reincision surfaces (erosional unconformi-
ties), as much as hundreds of meters in depth, and (3) widths and depths that are 
much smaller than the grabens and are consistent with regional data on paleo-
channel sizes (which deepen southward in the Sierra; Wakabayashi and  Sawyer, 
2001; Wakabayashi, 2013). Additional paleochannel features specific to the 
 Sierra Nevada include (1) the presence of ignimbrites erupted from calderas that 
are 200 km to the east; as Henry et al. (2012) pointed out, the pyroclastic density 
currents could not have traveled so far if they were not funneled through valleys; 
and (2) the presence of black chert clasts, also derived from Nevada, in the flu-
vial deposits; these further support the interpretation of long sediment dispersal 
systems. Other features of nonderanged paleochannels in the Sierra Nevada are 
west-directed (rather than approximately north or south directed) paleocurrent 
indicators in sedimentary rocks, and east-west (rather than north-northwest) 
stretching of vesicles in lavas. Features in volcanic rocks that indicate deposition 
in the presence of water include kuppaberg jointing on the tops of lavas, peper-
itic bases on lavas, and well-developed perlitic fracture in ignimbrite vitrophyres. 
In the Sierra Nevada these only formed in the paleochannels, although in other 
settings they may form in grabens containing standing water (e.g., lakes), or in 
association with ice (e.g., kuppaberg jointing in Iceland). Tree molds are also 
present at the base of lavas in paleochannels but not in the grabens.

Graben-filling volcanic-volcaniclastic sequences contrast with paleochan-
nel fills in several ways. They are dominated by avalanche deposits and mas-
sive (nonstratified) debris flow deposits, indicating catastrophic resedimenta-
tion. They generally lack fluvial conglomerates (except in graben-controlled 
deranged paleochannels). They also lack deep erosional unconformities 
because their fill is highly aggradational. Graben-filling volcanic-volcaniclas-
tic successions are generally 3–10 times thicker than paleochannel fill, and 
individual formations or members or lavas or ignimbrites are several times 
thicker, and more sheet like. In contrast, lavas and ignimbrites are preserved 
as lenticular erosional remnants in the paleochannels; for example, the classic 
TML flow, with its distinctive paleomagnetic signature, is very thick in at its 
vent in the Sierra Crest graben on Sonora Peak, and also very thick (>100 m) in 
the Cataract paleochannel at The Dardanelles and Knight’s Ferry in the foothills 
(locations in Fig. 3; Busby et al., 2008a; Gorny et al., 2009), but it is absent in 
Red Peak–Bald Peak segment of the Cataract paleochannel (Chris Pluhar, 2012, 
personal commun.).

Evidence for progressive derangement of paleodrainages by  graben- 
bounding growth faults in volcanic-volcaniclastic successions includes 
(1) abrupt thickening and thinning of the channelized ignimbrites across faults; 
ignimbrites are particularly sensitive recorders of growth faulting, because they 
typically form near flat and horizontal tops; (2) deposition of locally derived 
slide blocks on the hanging walls of growth faults, and infilling of fault-con-
trolled plunge pools by boulder conglomerates; and (3) siting and preservation 
of vent deposits along growth faults within paleochannels, including phreato-
magmatic deposits indicative of eruption through stream water or associated 
groundwater. In both the Sierra Crest graben and the Ebbetts Pass pull-apart 
basin (Fig. 2B), most lavas were trapped within the basins, although some es-
caped westward into the dying and/or relict paleochannels. However, unlike 
earlier paleochannel fill, these were not deeply incised and filled with younger 
deposits, thus indicating loss of stream power due to beheading by faults.

Evidence for derangement of the ancient east-west paleochannels into 
north-northwest Walker Lane drainage trends, which persist today, is ex-
tremely well displayed along the Sierra Crest between Sonora Pass and 
Ebbetts Pass, in the north-northwest–deranged Cataract paleochannel (Figs. 
2B and 12D). This 9–5 Ma paleochannel fill is composed entirely of sequence 
4 (Disaster Peak Formation, Fig. 12D), incised into 12–9 Ma Stanislaus Group 
fill of the Sierra Crest graben (sequence 3, Fig. 12C); the region is between 
the Cataract and Mokelumne paleochannels and thus lacks sequence 1 and 
2 paleo channel strata of the Valley Springs and Relief Peak Formations (Figs. 
12A, 12B). The volcaniclastic fill of the north-northwest–deranged Cataract 
paleo channel closely resembles that of the east-west paleochannels in outcrop 
features, although the composition of its volcanic-volcaniclastic rocks differs, 
because it postdates high-K volcanism of the Stanislaus Group (sequence 3), 
and it has more evolved rocks than the Relief Peak Formation (sequence 2). 
The depth and width of the north-northwest–deranged Cataract paleochannel 
is the same as those of the east-west paleochannels of the central Sierra, con-
sistent with the interpretation that it formed part of the same drainage system. 
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We infer that the north-northwest–deranged Cataract paleochannel pirated sedi-
ment from the disrupted east-west Cataract paleochannel, and carried it north-
ward to the east-west Mokelumne paleochannel from 9 to 5 Ma. This drainage 
system was disrupted by the growth of the Ebbetts Pass stratovolcano in the 
Ebbetts Pass pull-apart basin (Figs. 2B and 12D).

The timing of beheading of paleochannels between Sonora Pass and Lake 
Tahoe, a distance of ~110 km, coincides closely with the south to north passage 
of the Mendocino Triple Junction (for exact locations through time, see cali-
bration by Putirka et al., 2012, based on initial position at 30 Ma from  Atwater, 
1970, and positions thereafter proposed by Atwater and Stock, 1998). It is not 
a new idea that Walker Lane faults have propagated northward in concert with 
Mendocino Triple Junction migration (Faulds and Henry, 2008); nor is it a new 
idea that northward propagation of the triple junction, and the opening of the 
slab window, exerts important controls on tectonic events and volcanic com-
positions far inboard of the junction (Dickinson and Snyder, 1979; Zandt and 
Humphreys, 2008; Putirka et al., 2012). However, the northward unzipping along 
the arc and the siting of the major centers on transtensional stepovers are new 
concepts (Fig. 2A; Busby et al., 2010; Busby, 2011, 2013). As shown here, the 
timing of beheading of paleochannels, from the southern part of the central 
Sierra, to the southern part of the northern Sierra, was controlled by northward 
migration of the Mendocino Triple Junction.

This paper illustrates in detail the interplay between tectonics and drain-
age development, exportable to a very broad variety of geologic settings, thus 
demonstrating the value of detailed geologic mapping.
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