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EOCENE DRAINAGE EVOLUTION AND EROSION OF THE
SIERRA NEVADA BATHOLITH ACROSS NORTHERN CALIFORNIA
AND NEVADA

ELIZABETH ]J. CASSEL*, MARTY GROVE**, and STEPHAN A. GRAHAM**

ABSTRACT. Detrital zircon analysis of Eocene to Oligocene fluvial sediments
(“auriferous gravels”) in the Yuba and Feather River drainages, northern California,
provides new constraints on the evolution of the paleo-drainage system, sediment
provenance, and the timing of sediment deposition and erosion of the Sierra Nevada
batholith. 1292 new detrital zircon U-Pb ages in 14 samples indicate a regional shift in
sediment provenance, from local sources, predominantly the youngest phase of Sierra
Nevada arc magmatism, to basement terranes and extra-regional sources. The majority
of samples contain zircon from one of two distinct Mesozoic sources, as well as 5 to 30
percent Precambrian grains, reflecting derivation from both the Sierra Nevada batho-
lith and basement metamorphic belts of the northern Sierra Nevada (for example,
Shoo Fly Complex), as well as possible contributions from central Nevada (for
example, Roberts Mountain Allochthon, western Nevada Triassic strata). Cretaceous—
dominated samples, primarily located in the southwestern Yuba River drainage, were
sourced predominantly from 85 to 120 Ma batholithic rocks, whereas Jurassic-
dominated samples, primarily located further east, lack mid-Cretaceous zircon and
instead reflect derivation from older Jurassic crystalline and metamorphic rocks.
These Jurassic—dominated samples also contain sparse Eocene—early Oligocene zircon
from 42.7 to 33.0 Ma that establish an upper bound for their depositional age and
likely require some extra-regional sediment input to the fluvial system, consistent with
previously published sedimentologic and stratigraphic data. Overall, sampled detrital
zircon age populations show that the majority of sediment deposited within the fluvial
system was supplied from local metamorphic basement and/or regional batholith
sources within the ancestral Sierra Nevada, with a small component of extra-regional
sediment. These results support the conclusion from stratigraphic and stable isotope
paleoaltimetry studies that the Sierra Nevada had a relatively steep western gradient in
the Eocene-Oligocene, allowing for significant paleovalley incision and regional
transport of sediment from upstream. When compared with Upper Cretaceous Great
Valley group sediments, samples from the southwestern Yuba River region exhibit
significantly larger proportions of 85 to 100 Ma zircon, characteristic of the volumi-
nous Tuolumne Intrusive Series of the Sierra Nevada batholith. The predominance of
Late Cretaceous detritus indicates that early to middle Eocene deposition of fluvial
sediments may have coincided with deep erosion of the Tuolumne Intrusive Series.
Subsequently, sediment provenance shifted from Tuolumne sources in the Late
Cretaceous—dominated sediments to local Jurassic basement and extra-basinal sources
in late Eocene Jurassic—dominated sediments. This may reflect progressive canyon
incision and extension of headwaters eastward, and bypass of Tuolumne Intrusive
Series. The youngest single-grain detrital zircon ages are similar to the range of ages of
Eocene volcanic rocks in central Nevada. The presence of these grains suggests that
paleo-river headwaters extended into central Nevada by Late Eocene, and that the
paleo-drainage divide must have been located in easternmost Nevada. This provides
additional support for the existence of a region of high elevation across what is now
Nevada by late Eocene time.
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INTRODUCTION

The Sierra Nevada geologic province of California reflects a complex tectonic
history related to protracted Mesozoic—Cenozoic convergence along the western
margin of North America. Batholith emplacement and compressional deformation
occurred throughout the Mesozoic and culminated during the mid-Cretaceous (Bate-
man and Wahrhaftig, 1966; Ducea, 2001; DeCelles, 2004). Arc magmatism was subse-
quently extinguished during the Late Cretaceous—Early Cenozoic Laramide orogeny
(Coney and Reynolds, 1977; Saleeby, 2003; Jacobson and others, 2010) and a region-
ally extensive erosional unconformity formed during the Paleocene-Eocene (Lind-
gren, 1911; Creely and Force, 2007; Van Buer and others, 2009). Middle to late
Cenozoic formation of the Basin and Range, together with dextral shearing related to
the onset of Pacific—-North American plate interactions, ultimately formed the modern
Sierra Nevada (Wakabayashi and Sawyer, 2000; Faulds and others, 2005).

The controversial aspects of the evolution of the Sierra Nevada relate to its
expression as a topographic feature and potential drainage divide throughout the Late
Cretaceous— and early Cenozoic. Although long thought to be the product of very
recent surface uplift (for example, Lindgren, 1911; Jones and others, 2004), other
studies indicate that the Sierra Nevada has persisted as an elevated topographic feature
throughout the Late Cretaceous and Cenozoic (for example, Wernicke and others,
1996; House and others, 2001; Poage and Chamberlain, 2001; DeGraaff-Surpless and
others, 2002; Mulch and others, 2006; Mulch and others, 2008; Cassel and others,
2009b). Many studies now support the conclusion that the early Cenozoic Sierra
Nevada formed the western edge of a high elevation plateau—the “Nevadaplano” that
covered much of what is now Nevada and western Utah—similar to the Andean
Altiplano-Puna (refer to Wolfe and others, 1997; Wolfe and others, 1998; DeCelles,
2004; Cassel and others, 2009a; Cassel and others, 2012). It remains uncertain whether
this plateau drained toward the Pacific throughout the Eocene-Oligocene (for ex-
ample, Henry, 2008) or was affected by a drainage divide coincident with the Sierra
Nevada batholith (Cecil and others, 2010).

Eocene-Oligocene fluvial deposits (“auriferous gravels”), locally exposed in the
northern part of the range (fig. 1), provide an important record of the early Cenozoic
topographic and geomorphic evolution of ancestral Sierra Nevada. Reconstructions of
the possible course and gradient of Eocene paleo-river channels have been used to
estimate the amount of post-depositional surface uplift. These reconstructions of
Eocene fluvial channels within the northern and central Sierra Nevada connect
significant outcrop locations to the nearest neighboring location, and depict sinuous
river channels headed near the modern crest, meandering across a low-relief land-
scape towards the Great Valley (refer to Lindgren, 1911; Yeend, 1974; Wakabayashi
and Sawyer, 2001). Differences in gradients between these reconstructed channels and
modern Sierra Nevada rivers and modern elevations of Eocene fluvial terraces have
been used to support the theory that the range was tilted to the west, driving significant
uplift at the crest in the past 2 to 5 My (for example, Hudson, 1955; Hudson, 1960;
Christensen, 1966; Huber, 1981, 1990; Unruh, 1991; Wakabayashi and Sawyer, 2001;
review in Jones and others, 2004; Clark and others, 2005).

Recent stratigraphic analysis of Eocene-Oligocene fluvial sediments, however,
evokes a different image of the early Cenozoic topography of the Sierra Nevada. These
results indicate that the channels were locally incised into basement and formed both
high, narrow valleys and low gradient, broad valleys, often responding to basement
composition and topography (Cassel and Graham, 2011). The locus of deposition
within this region likely migrated over time, so fluvial deposits of similar composition
and architecture are not necessarily age equivalent. Depositional ages of Eocene fluvial
sediments are poorly constrained by limited flora collections (MacGinitie, 1941;
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Fig. 1. Geologic map showing tectonic terranes of California and Nevada, including metamorphic and
crystalline basement, distribution of Eocene calderas, and sample locations (open circles) for this study and
comparative datasets. Map modified from Gehrels and Miller (2000), DeGraaff-Surpless and others (2002),
and Van Buer and others (2009).

Tiffney and Haggard, 1996). Only the upper contact with early Oligocene rhyolitic
ignimbrites has been dated with modern OAr/39Ar isotopic methods (Cassel and
others, 2009a), providing minimum depositional age constraints of 31.2 to 28.7 Ma.

The provenance of Eocene fluvial sediments has been studied through compari-
sons of clast and clay compositions and petrographic analysis of sand and heavy
mineral fractions, indicating local Sierra Nevada bedrock sources (Lindgren, 1911;
Bateman and Wahrhaftig, 1966; Yeend, 1974; Dickinson and others, 1979; Bartow,
1992). But the uniformity of these highly weathered quartzrich sediments limits the
ability of conventional provenance analysis to resolve differences between Sierra
Nevada basement terrane sources, or to detect extra-basinal sediment sources. Detrital
zircon analysis can improve resolution of sediment provenance, paleogeography, and
drainage system evolution, as well as establish maximum bounds on depositional ages
of strata (for example, Darby and others, 2000; Dickinson and Gehrels, 2000; DeGraaft-
Surpless and others, 2002; Dickinson and Gehrels, 2009).
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We have measured 1292 detrital zircon U-Pb ages from 14 samples from Eocene
fluvial sediments of the northern Sierra Nevada. These detrital zircon age data enable
the recognition of previously unidentified sediment sources, and differences between
zircon age distributions of sediments deposited throughout the region provide new
insights into the patterns of landscape evolution. Our results place upper bounds upon
depositional ages, constrain possible source terranes, and elucidate drainage pattern
evolution within the Eocene system. Together with other constraints, the data help us
to reconstruct the paleogeography and topography of the Paleogene Sierra Nevada.
Specifically, they indicate that Eocene paleovalleys extended east across a topographi-
cally high Sierra Nevada into what is now central Nevada, supporting the existence of a
high elevation “Nevadaplano” from Eocene through Oligocene time (DeCelles, 2004;
Henry, 2008; Cassel and others, 2009a).

GEOLOGIC SETTING

Eocene—Oligocene Strata

Eocene-Oligocene fluvial sediments, referred to as the “prevolcanic gravels” or
“auriferous gravels” for their high concentrations of placer gold, were deposited on
basement above a sub-Eocene angular unconformity, and are composed of gravel,
sand, and minor clay (figs. 2, 3; Lindgren, 1911; Bateman and Wahrhaftig, 1966; Cassel
and Graham, 2011). The exposed deposits range from 50 to 140 m thick with no
complete sections preserved (Yeend, 1974). Local, discontinuous exposures of fluvial
sediments extend 70 km across the northern Sierra Nevada, from the eastern edge of
the Great Valley, near Oroville, to the eastern edge of the Shoo Fly Complex
(elevations from 200-1400 m; figs. 1, 2).

The “Chalk Bluffs flora” at You Bet (fig. 2) has been used to estimate the
depositional age of the sediments. Originally described as Capay stage flora by
MacGinitie (1941) and interpreted as middle Eocene, the Chalk Bluffs flora is now
considered to be late early Eocene (48.6-55.8 Ma; Wing and Greenwood, 1993; Wolfe,
1994; Fricke and Wing, 2004). This age assignment is consistent with floral compari-
sons to other recently dated sections (Meyer, 2003; Retallack and others, 2004;
Prothero, 2008). Tiffney and Haggard (1996) identified endocarps from northern
auriferous gravel sections at and near Upper Dutch (fig. 2), and assigned the
specimens to latest Eocene. Similarities between the auriferous gravel endocarp
assemblage at Upper Dutch and flora within an overlying volcaniclastic deposit (the
“La Porte tuff,” K/Ar age: 33.2 Ma; Evernden and James, 1964) suggest that the units
contain the same vegetation and are only separated by a brief depositional hiatus
(Doyle and others, 1988). Based on compositional and lithofacies similarities, the
auriferous gravels have also been interpreted as the proximal equivalent and fluvial
feeder system to the coastal Ione Formation (fig. 2; Dickinson and others, 1979), a unit
of fine-grained marine, marginal-marine, and estuarine sediments composed of pre-
dominantly anauxite clay and quartz sand (refer to Allen, 1929). The Ione Formation
is assigned to the middle Eocene, based on molluscan fauna and correlation to the
Domengine Formation of the California Coast Ranges (Morris, 1966; Creely and
Force, 2007).

Oligocene rhyolitic ignimbrite, tuffaceous paleosol horizons, and volcaniclastic
fluvial sand, generally referred to as either the Delleker (Northern Sierra Nevada) or
Valley Springs (Central Sierra Nevada) Formations (Dalrymple, 1964; Wagner and
others, 2000), overlie Eocene fluvial sediments or lie in buttressed unconformity on
the basement (fig. 2). Recent studies have shown that these units comprise the distal
equivalent of ignimbrites sourced from calderas in central Nevada during the Oligo-
cene “ignimbrite flare-up.” (Brooks and others, 2003; Faulds and others, 2005; Brooks
and others, 2008; Cassel and others, 2009a; Henry and others, 2012). Cassel and others
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(2009a) *°Ar/*Ar dated and correlated two geochemically distinct unwelded ignim-
brites in the northern Sierra Nevada with units identified in western Nevada: the tuffs
of Rattlesnake Canyon (31.2 Ma) and Campbell Creek (28.7 Ma). These pyroclastic
flows traveled from their sources across what is now the crest of the range towards the
Great Valley constrained in high-gradient paleovalleys, which extended across western
Nevada and eastern California throughout the Oligocene (Faulds and others, 2005;
Cassel and others, 2009a). Where Oligocene volcanic units are present, the top of the
Eocene fluvial section is marked by either an erosional scour surface (common in
braided fluvial deposits) filled with Oligocene ignimbrite deposits or a relatively
continuous contact between Eocene sediments and an ignimbrite deposit. Both are
commonly overlain by fluvial volcaniclastic sediments, showing that aggradation
continued in the drainage system from Eocene to Oligocene. The range of early-late
Eocene flora from within fluvial deposits, correlations with middle Eocene marine and
estuarine units, and interbedding with lower Oligocene volcaniclastic sediments within
upper parts of the fluvial section suggest a long-lived fluvial system with a significant
time span of aggradation.

Basement Terranes and Source Regions

Pre-Cenozoic basement on the western slope of the northern Sierra Nevada
consists of an amalgam of Paleozoic-Mesozoic continental margin and accretionary
prism metasedimentary and metavolcanic terranes, arranged in N-S trending belts
defined by major pre-Cenozoic faults (Girty and others, 1996), and intruded by
Jurassic-Cretaceous tonalite and granodiorite emplaced during continental arc magma-
tism (figs. 1, 2; Chen and Moore, 1982; Girty and others, 1996; Ducea, 2001; Dickinson,
2008). Multiple geochronologic studies have focused on the terranes throughout
northern Nevada and California to understand the Paleozoic and earliest Mesozoic
paleogeography and tectonics of the region (fig. 1; for example, Soreghan and
Gehrels, 2000). These studies have provided a detailed geochronologic record of the
Pre-Cenozoic assembly of the basement, which is typically dominated by Proterozoic
zircon grain ages (Gehrels and Dickinson, 2000; Gehrels and others, 2000).

The northern part of the Sierra Nevada batholith is a composite of predominantly
Middle Jurassic and mid-Cretaceous plutons, which become younger and more felsic
from west to east (compare Saleeby and others, 1989; Girty and others, 1996; Day and
Bickford, 2004). The youngest plutons (ca. 100-85 Ma), intruded during the Sierra
Crest magmatic event, occur as a series of large plutonic centers that extend from the
southern part of the batholith to northwestern Nevada (Coleman and Glazner, 1997;
Ducea, 2001; Van Buer and Miller, 2010). Shallow erosion depths (<8 km) predomi-

Fig. 3. Graph comparing depositional age constraints for each sample location versus lateral distance
from middle Eocene-early Oligocene base level, as indicated by presence of marine shoreline deposits.
Youngest concordant detrital zircon grain age populations (n = 1-5 grains) shown by black points, with
average errors indicated where large enough for scale of the graph. Black lines indicate local *’Ar/*’Ar ages
of overlying rhyolitic ignimbrites (Cassel and others, 2009a). Bars indicate other depositional age constraints
previously applied to Eocene fluvial sediments, including ages of underlying basement rocks in light gray
(Evernden and Kistler, 1970; Chen and Moore, 1982; Coleman and Glazner, 1997; Ducea, 2001), and ages
and applicable ranges of paleobotanical and biostratigraphic constraints in dark gray (MacGinitie, 1941;
Evernden and James, 1964; Doyle and others, 1988; Wing and Greenwood, 1993; Wolfe, 1994; Wolfe and
others, 1998; Creely and Force, 2007). Malakoff (MK, n = 2), Alpha (AL), Upper Dutch (UD), Omega
(OM), and Manzanita (MZ) all have youngest grain populations likely sourced from Nevadan volcanics,
providing an estimate of Late Eocene depositional age (except for MZ; see text) which is significantly
younger than the nearby Chalk Bluffs flora at You Bet. Dutch Flat (DF), You Bet (YB), Red Dog (RD), North
Columbia (NC), and Haskell Peak (HP) all have youngest grain populations sourced from the Late
Cretaceous Tuolumne Intrusive Series, thus the best depositional age constraint is the nearby early Eocene
Chalk Bluff flora at You Bet. Joubert (JB) and Morris Ravine (MR) reflect different provenance signatures;
Quinn not shown.
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nate in the northern batholith (Ague and Brimhall, 1988; Ague, 1997; Van Buer and
others, 2009). Crystallization ages from the batholith, coupled with geochronologic
studies of the basement terranes, provide age distributions of zircons from possible
local and extra-regional sediment sources (for example, Saleeby and others, 1989;
Soreghan and Gehrels, 2000; Day and Bickford, 2004). To better understand the
regional paleogeographic evolution, we also draw comparisons to studies from forearc
basin strata of the Great Valley Group exposed in the Sacramento Valley, which
represent the ultimate sediment sink for the system from Jurassic through Paleogene
time (Dickinson and others, 1979; DeGraaff-Surpless and others, 2002; Jacobson and
others, 2010).

U-Pb AGE DISTRIBUTIONS

We selected 14 samples from Eocene fluvial strata, now exposed within the Yuba
and Feather River drainages in the northern Sierra Nevada, from locations across the
depositional area to best highlight differences in drainage patterns (fig. 2, table 1).
The base and top of the thickest exposed section (Malakoff) was examined to estimate
differences in the timing and duration of aggradation.

A total of 1292 U-Pb ages of detrital zircons were measured from the 14 samples
using laser-ablation multicollector-inductively coupled plasma—mass spectrometry
(LA-MICP-MS) at The University of Arizona’s LaserChron facility (Gehrels and others,
2008; Dickinson and Gehrels, 2008, 2009). Probability density plots and cumulative
probability spectra are shown in figures 4, 5, and 6. Detailed methods and sampling
strategy can be found in the Appendix. Concordia diagrams (http://earth.geology.
yale.edu/~ajs/SupplementaryData,/2012/02CasselPlots.pdf) and full U-Pb analytical data
(http://earth.geology.yale.edu/~ajs/SupplementaryData/2012/01Cassel TableA1 .xlIsx)
can be found in the online supplementary data files.

Most samples exhibit one of two distinct provenance signatures (figs. 4 and 5).
Each sample contains a dominant population of one of the following: Late Cretaceous
(n = 5), Early Cretaceous (n = 2), Jurassic (n = 5), or Paleozoic—Precambrian (n = 1)
grains. Application of the Kolmogorov-Smirnov (K-S) statistic (refer to Press and
others, 1986) indicates that all samples in the Late Cretaceous—dominated group are
highly dissimilar to the Jurassic—, Early Cretaceous—, or Paleozoic—dominated samples
(see table 2), and several of these samples yield distinct age distributions.

Late Cretaceous—Dominated Samples

Samples located in the southwestern part of the study area: North Columbia,
Dutch Flat, Red Dog, You Bet, and Manzanita, exhibit a Late Cretaceous dominated
provenance signature (yellow circles on fig. 2). All of these exhibit significant concen-
trations of Campanian to Aptian (82-126 Ma) zircon and lack earliest Cretaceous
(126-144 Ma) zircon grains (fig. 4). Although it is situated at the northeast edge of the
outcrop area, the Haskell Peak sample because it has a similar age distribution.
Manzanita is unique in thatit contains mid-Oligocene grains. All other Late Cretaceous—
dominated samples lack Cenozoic zircon grains.

Jurassic—-Dominated Samples

Samples from Alpha, Omega, and Malakoff (n = 2), in the eastern part of the
study area, and the Upper Dutch sample from the northern part of the study area,
exhibit a distinctly different provenance signature (red circles in fig. 2). All five
samples have >50 percent Jurassic grains (144-186 Ma) and lack Cretaceous zircon
grains (fig. 5). The five samples also have small concentrations (1-10%) of middle
Eocene to earliest Oligocene grains (42.7-33.0 = 2.6 Ma). Upper Dutch has a
significant Triassic age population, which distinguishes it from other sample locations.
It also contains 17 percent Eocene grains from 54.5 to 33.0 Ma (fig. 5).
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probability spectra (0-3000 Ma) of results shown in A-E.
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Early Cretaceous— and Precambrian—Dominated Samples

Several additional samples exhibit different age properties from the first two
categories. These include the Morris Ravine and Joubert samples (blue circles on fig.
2) and the Quinn sample (green circle on fig. 2). The Morris Ravine and Joubert samples
are predominantly composed of Jurassic zircon but also have significant proportions of
Early Cretaceous zircon that distinguishes them from the Jurassic—-dominated samples
(129-145 Ma; fig. 6). In contrast, the Quinn sample, on the far eastern side of the study
region, contains only Paleozoic—Precambrian zircon grains (fig. 6).

DEPOSITIONAL AGE CONSTRAINTS

The youngest single detrital zircon grain age in our samples provides a maximum
bound on the depositional age for the sediments at that location (fig. 3). Provided that
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the catchment of the fluvial system that deposited the gravels included a plutonic or
volcanic arc source that formed just prior to deposition, the youngest zircon grains may
closely approximate the depositional age of the gravels. For example, in an extensive
study of Colorado Plateau strata that partly sourced the Mesozoic batholith, Dickinson
and Gehrels (2009) determined that the U-Pb age of the youngest single grain in the
measured distribution overlapped with depositional age in 90 percent of cases, and
within 5 My of depositional age in 95 percent of cases.

In this study, six samples yield small concentrations (1-10%) of middle Eocene-
Oligocene grains (42.7-28.6 Ma; fig. 4). The sample that contains the very youngest
zircon (Manzanita) has two grains which yield U-Pb ages of 28.6 = 1.0 Ma and 29.9 =
0.4 Ma (table 1; figs. 3 and 4). Manzanita is the most westerly of the Late Cretaceous—
dominated samples (fig. 2). The sample containing 30 to 28 Ma zircon comes from the
lower part of an incomplete section. These ages closely overlap *°Ar/*’Ar ages for
Oligocene ignimbrites that overlie the Sierran fluvial sediments (Cassel and others,
2009a). The Manzanita sample thus represents some of the youngest fluvial sediments
deposited in the system, as it contains both volcanic zircons sourced from the early
Oligocene ignimbrites present throughout the northern Sierra Nevada (Cassel and
others, 2009a) and reworked Eocene fluvial deposits. These data support the conclu-
sion that fluvial deposition continued through the early Oligocene, likely punctuated
by multiple periods of incision and aggradation (Cassel and Graham, 2011). The tuff
of Campbell Creek (28.7 Ma) is exposed near the sediments sampled at Manzanita
(Cassel and others, 2009a), and is a potential source for the Eocene volcanic zircons
within the sample.

The Jurassic-dominated samples from the eastern and northern parts of the study
area (Alpha, Omega, Malakoff (n = 2), and Upper Dutch) all contain at least one late
Eocene zircon with a U-Pb age between 33 to 36 Ma (figs. 3 and 5). Although three of
these samples contain only 1 to 2 Eocene zircons, Upper Dutch contains 18 grains
between 33 to 55 Ma. Similar results from five separate samples clearly demonstrate
that at least some of the gravels were deposited in the latest Eocene. At the location
with the thickest complete section (Malakoff), samples taken from the base (~5 m
above bedrock) and top of the section (fig. 3; see also fig. 8 in Cassel and Graham,
2011) yield youngest single grain detrital zircon ages that differ by 6.5 My (42.7 Ma for
the lower sample; 36.2 Ma for the upper sample; table 1 and fig. 3). This outcome
supports the hypothesis presented by Cassel and Graham (2011) that braided streams
aggraded throughout the Eocene, and the overall similarity of the age distributions
shows that sediment sources for coarse-grained deposits did not vary greatly at one
location over time.

Eocene fluvial sediments at Upper Dutch are overlain by a reworked, channelized
ignimbrite deposit, the “La Porte Tuff” (site of the La Porte flora), which is interbed-
ded with fine-grained floodplain deposits at the uppermost part of the section. The La
Porte Tuff is deposited as a channel fill within the fluvial sequence, although it may be
separated from lower fluvial sediments by a small unconformity. The La Porte Tuff has
been dated using bulk K-Ar methods at 32 to 33 Ma (Evernden and James, 1964; Wolfe,
1994). Based upon this result, it is regarded as an important Eocene-Oligocene
transition fossil locality (Wolfe and others, 1998). The bulk K-Ar age determinations,
however, are suspect due to the significant reworking of this deposit and known
problems associated with application of bulk K-Ar methodology to reworked materials
(for example, McDougall and Harrison, 1988). Detrital zircon grains from sediments
located ~15 m beneath the La Porte Tuff within the section (compare Appendix A;
Cassel and Graham, 2011) require that the tuff deposit be younger than 33 * 2.6 Ma.
The distinctive geochemical signature of volcanic glass within the deposit, however,
does not correlate to any of the widespread Oligocene ignimbrites found elsewhere in
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the northern Sierra Nevada or western Nevada (Brooks and others, 2008; Cassel and
others, 2009a). The La Porte Tuff was likely from a slightly earlier eruption from north
of the main Central Nevada Caldera Complex. We estimate its age to be only slightly
younger than the sediments below it (that is 33-32 Ma), based on the rapid deposi-
tional rates estimated for floodplain sediments within this sequence, and the interbed-
ding of the tuff with floodplain deposits (Cassel and Graham, 2011).

Another well known fossil collection, the “Chalk Bluffs flora” at You Bet (fig. 2), is
considered to be late early Eocene (55.8-48.6 Ma), based on both the assemblage of
species and presence of certain Eocene-limited species (Wing and Greenwood, 1993;
Wolfe, 1994; Fricke and Wing, 2004). Sediments from the southwestern part of the
study area, near the Chalk Bluffs flora locality, completely lack Eocene zircon grains
(fig. 3). Based on the flora, depositional style, and new maximum depositional ages
from this study, these Cretaceous—dominated sediments are likely older than the late
Eocene Jurassic-dominated sediments to the east and north (figs. 2 and 3). These
contrasts appear to be most easily explained by fundamental differences in the timing
of deposition of sediments across the Sierra Nevada and upstream changes in catch-
ment area over time.

PROVENANCE OF SIERRA NEVADA FLUVIAL SEDIMENTS

These detrital zircon ages provide insights into sediment provenance and drain-
age pattern evolution within the Eocene system, which we use to reconstruct the
paleogeography of the Paleogene Sierra Nevada—Nevadaplano. Our findings show that
the majority of samples have large populations from one of two distinct Mesozoic
sources local to the Sierra Nevada, as well as 5 to 20 percent Paleozoic-Precambrian
grains that may be sourced locally or extra-regionally (figs. 4 and 5). Additionally, the
Jurassic-dominated samples contain 1 to 10 percent extra-regional Eocene grains.
These results reflect 1) diachronous sediment deposition, 2) a significant change in
sediment provenance coincident with movement of the locus of deposition from the
Late Cretaceous—dominated to the Jurassic-dominated sample locations, and 3) the
introduction of extra-regional sediment sources in the middle to late Eocene as
drainage patterns changed, and as river headwaters extended far enough east to
provide access to Eocene volcanic rocks.

The majority of the zircons present in our samples are Mesozoic. The Cretaceous
zircons present in the Late Cretaceous—dominated samples closely match crystalliza-
tion ages of nearby Sierra Nevada intrusive rocks (85-125 Ma; Bateman, 1961; Ever-
nden and Kistler, 1970; Stern and others, 1981; Chen and Moore, 1982; Coleman and
Glazner, 1997). In particular, these include 85 to 100 Ma zircon, which represents the
youngest phase of Sierra Nevada arc magmatism, the Tuolumne intrusive series (figs. 1
and 2; compare Coleman and Glazner, 1997; Ducea, 2001). The Jurassic zircon
(145-175 Ma) that dominates the age populations of northeastern samples also
matches nearby Sierra Nevada batholithic rocks (fig. 2; Coleman and Glazner, 1997;
Ducea, 2001). The relative paucity of earliest Cretaceous (126-144 Ma) zircon in most
samples coincides with what has been described as the Early Cretaceous magmatic gap
(compare Chen and Moore, 1982; Ague and Brimhall, 1988; Saleeby and others, 1989;
Ducea, 2001). It is thus most likely that the Mesozoic zircon contained within Eocene
fluvial sediments was derived from local Sierra Nevada batholith sources.

The possible sources of older zircon are more ambiguous in that they may be
either local or extra-regional. The Upper Devonian metavolcanic Grizzly and Sierra
Buttes Formations, the Bowman Lake granitoid batholith, and the Lower Permian
volcaniclastic Arlington Formation are all located east of the depositional area of
Eocene fluvial sediments and thus represent probable sources for the Permian-
Devonian zircon contained within eastern samples (fig. 2, Hanson and others, 1988;
Girty and others, 1996; Harding and others, 2000; Spurlin and others, 2000). Harding
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and others (2000) reported abundant 1.8 to 2.0 and 2.4 to 2.7 Ga zircon within the
Shoo Fly Complex that forms the sub—Eocene basement surface at Alpha and Omega
sample locations. The Sierra City mélange, which is structurally the highest unit in the
Shoo Fly Complex, also contains zircon from 400 to 450 Ma, 1.0 to 1.5 and 1.65 to 1.9
Ga (Grove and others, 2008). Precambrian zircon present in the Jurassic-dominated
samples (670-745 Ma, 1.0-1.1, 1.3-1.5, 1.6-1.8, 1.8-2.0, and 2.4-2.7 Ga, and a few grains
>2.7 Ga) could have been sourced from these nearby basement terranes. We cannot,
however, rule out the possibility that extra-regional sediment sourced from western
Nevada, including Triassic strata and the Roberts Mountain Allochthon (figs. 1 and 5;
Darby and others, 2000; Gehrels and others, 2000; Harding and others, 2000; Manuszak
and others, 2000), supplied some of the pre-Mesozoic zircon that we observe.

Most of the detrital zircon contained within the Eocene fluvial sediments can
reasonably be attributed to Sierra Nevada basement (Mesozoic intrusives, volcanics,
and precursor metasedimentary and metavolcanic belts; fig. 2). Sources for the 33 to
55 Ma zircon grains, however, are not present in the northern Sierra Nevada and are
thus clearly extra-regional (fig. 1). Zircon grains of this age can be most simply
attributed to Eocene volcanic and intrusive rocks that crop out in what is now northern
Nevada. These include the Northumberland and Caetano tuffs and similar age Eocene
volcanic rocks (fig. 1; for example, McKee, 1974; Henry, 2008; John and others, 2008).
John and others (2008) mapped an Eocene basal conglomerate in central Nevada,
overlain by the upper Eocene Caetano Tuff, which contains conodont-bearing lime-
stone clasts sourced from the lower plate of the Roberts Mountain Allochthon,
showing that the lower plate was being actively eroded by late Eocene time. The
presence of these age populations suggests that west-flowing drainages (for example,
Cassel and others, 2009a; Cassel and Graham, 2011) were capable of transporting
sediment derived from central Nevada lithologies into what is now the northern Sierra
Nevada by the late Eocene.

DISCUSSION

Topography

Previously, detrital zircon in samples from Sierra Eocene fluvial sediments was
analyzed by Cecil and others (2010), but their sample set did not include any of the
locations dominated by Jurassic grain ages. Cecil and others (2010) therefore con-
cluded that the ancestral Sierra Nevada acted as a drainage divide and topographic
barrier to sediment throughout the Eocene. In contrast, the extra-regional Eocene
zircons found in five samples in this study indicate that, by middle-late Eocene time
(43-33 Ma), drainages extended across the modern crest of the Sierra Nevada to
Eocene volcanic rocks in central and eastern Nevada, similar to the Oligocene (for
example, Faulds and others, 2005; Garside and others, 2005; Cassel and others, 2009b;
Henry and Faulds, 2010). The regional drainage divide was much further east than the
modern, likely in a similar location to that suggested by Henry (2008), and the region
must have maintained sufficient topography to allow for long-distance transport of
Eocene and Oligocene pyroclastic and volcaniclastic units (greater than 200 km: Cassel
and others, 2009a).

The existence of Oligocene paleovalleys that extended from Central Nevada to
the eastern edge of the Great Valley, across the current Sierra Nevada crest, has been
demonstrated by Faulds and others (2005), Cassel and others (2009a), Henry and
Faulds (2010) and Henry and others (2012). Cassel and others (2009a) used trace and
rare earth element geochemical data and 0Ar/*Ar radiometric ages of rhyolitic
ignimbrites exposed along the western slope and high peaks of the northern Sierra
Nevada to correlate three widespread, geochemically distinct, Sierra Nevada ignim-
brites to ignimbrites in western and central Nevada, identified and described by Henry
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and others (2004) and Faulds and others (2005). Single-crystal “0Ar/3Ar ages from the
Sierra Nevada ignimbrites provide dates of 31.2 Ma, 30.9 Ma and 28.7 Ma, which match
ages from Nevada samples and supply minimum depositional ages for underlying
fluvial sediments. Using a palinspastic reconstruction of the Basin and Range exten-
sional terrane, Cassel and others (2009a) showed that Oligocene ignimbrites traveled,
at minimum, 200 km to the west from their source calderas. The presence of middle to
late Eocene zircon in fluvial sediments further shows that drainages traversing the
Sierra Nevada must have extended east to central Nevada by at least late Eocene time.
The source region for the late Eocene grains must have maintained higher elevations
than the region of deposition and a relatively steep downstream gradient allowing for
the wide distribution and long travel distance of both middle-late Eocene sediments
and Oligocene ignimbrites (Cassel and others, 2009a; Cassel and Graham, 2011).
These results are consistent with previous paleoaltimetry studies based on paleobotani-
cal and isotopic proxies that have proposed that the Eocene-Oligocene Sierra Nevada
had a steep western gradient, and may have acted as the flank of a high elevation
plateau (Wolfe and others, 1998; Mulch and others, 2006; Cassel and others, 2009b;
Hren and others, 2010; Cassel and others, 2012).

The westernmost sample, Morris Ravine, is dominated by Late Jurassic to Early
Cretaceous (155-118 Ma) grains, and lacks both Late Cretaceous and Cenozoic grains
(fig. 6). This age distribution shows that predominantly local sources within the nearby
Jurassic plutonic and metamorphic terranes just east of Morris Ravine contributed
sediment to the area (fig. 2). Cassel and Graham (2011) suggest that the Smartville
Belt, west of the Big Bend-Wolf Creek Fault Zone, defined a local topographic high
with respect to the generally older and higher metamorphic grade basement rocks of
the Central Belt directly to the east (fig. 2). This topographic variability, generated by
differential uplift and erosion (compare differences in (U-Th)/He ages in Cecil and
others, 20006), likely greatly influenced paleovalley incision and drove backfilling of
Eocene sediments (Cassel and Graham, 2011). The Jurassic detrital zircon provenance
signature from Morris Ravine further supports these findings.

The dominance of grain ages that match either the Tuolumne intrusive series in
the Late Cretaceous—dominated samples, or Jurassic batholith and Jurassic-Paleozoic
basement in the other samples, shows that sources local to the ancestral Sierra Nevada
supplied most of the sediment to the Eocene depositional system (figs. 2, 4-6). The
predominance of local sediment sources is reflected in the sedimentology and stratig-
raphy of Eocene fluvial deposits as well. Cassel and Graham (2011) found that the
presence of paleovalleys filled with extremely coarse, locally sourced, poorly-sorted,
traction-structured deposits necessitates the presence of high gradient tributary and
headwater channels (Bridge and Gabel, 1992; Bentham and others, 1993; Bridge,
1993). The sedimentology of these depostits also suggests moderate to high hillslope
relief outside of the broad paleovalleys (refer to Hancock and others, 1998; Whipple
and others, 1999; Attal and Lavé, 2006). High channel and hillslope relief is also
consistent with Sierra Nevada paleoaltimetry studies, which find steep gradients across
the area in the Eocene-Oligocene (Mulch and others, 2006; Cassel and others, 2009b).

The Eocene Sierra Nevada fluvial system was influenced by a wet, warm climate,
which contributed a high supply of sediment. Fluvial paleovalleys backfilled in re-
sponse to a slowdown in tectonic activity at the end of the Laramide, and, likely to a
lesser extent, to arise in sea level (Cassel and Graham, 2011). The onset of aggradation
roughly correlates with the end of the Laramide orogeny (Bird, 1998; Sigloch and
others, 2008) and with the global shift to the extremely wet warm climate and higher
sea level of the Eocene (Miller, 1992; Zachos and others, 2001; Van Sickel and others,
2004; Miller and others, 2005). Although Sierra arc volcanism stopped in the Late
Cretaceous (for example, Ducea, 2001), Laramide compression and rock uplift may
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have continued in the area of the Sierra Nevada (Moxon and Graham, 1987) and Basin
and Range (compare Humphreys and others, 2003; DeCelles, 2004; Humphreys,
2009), sustaining steep upstream river gradients through the Oligocene (Henry, 2008;
Cassel and others, 2009a; Cassel and Graham, 2011). Early-middle Eocene topo-
graphic uplift, driven by removal of the Farallon slab at the end of the Laramide, has
been proposed for the western U.S. (Jones and others, 2011) and the Nevadaplano
region (Mix and others, 2010). End-Laramide surface uplift may also account for the
influx of late Eocene Nevada-sourced detrital zircon found in Jurassic-dominated
samples. Regional rock uplift, whether it was sustained throughout the early Cenozoic
or a product of end-Laramide slab removal, could have driven relief formation and
paleovalley incision, and as the uplift rate slowed or halted, rivers would drive towards
equilibrium by aggrading in low elevation areas (Whipple and others, 1999; Heller and
others, 2001).

Drainage Patterns

Distinct age population differences between locations allow for reconstructions of
source terranes and drainage patterns within the Eocene fluvial system. Dominant age
population differences between Late Cretaceous—dominated samples, mainly in the
southwest, and Jurassic—dominated samples, mainly in the east, reflect major sediment
source changes. Lindgren’s (1911) original reconstruction of Eocene paleo-river
channels in the northern and central Sierra Nevada depicts channels headed near the
modern crest and merging into one of five main outlets to the Great Valley. In that
reconstruction, all significant Yuba region outcrop locations were connected, often to
the nearest neighboring location, to make one sinuous, meandering river course.
Later reconstructions have maintained this feature (for example, Lindgren, 1911;
Yeend, 1974; Wakabayashi and Sawyer, 2001; Jones and others, 2004). Previous
drainage reconstructions, for instance, show a river channel running directly east to
west from Malakoff to North Columbia Diggings (for example, Lindgren, 1911; Yeend,
1974). The detrital zircon age distributions from these areas (figs. 2, 4-6), however,
show that they are receiving sediment from very different sources, indicating that they
were not part of the same channel and that deposition at each area likely occurred at
different times (fig. 7). Our findings show that deposition within Eocene paleovalleys
was diachronous, and nearby sedimentary deposits do not necessarily represent
connected paleo-river reaches. Rather, the course and area of deposition of fluvial
paleochannels changed over time as channels avulsed, as climatic fluctuations drove
changes in sediment supply, and as multiple periods of aggradation and incision
occurred (Cassel and Graham, 2011).

Based on floral age determinations, composition-based correlation to Ione Forma-
tion deposits, and the lack of Cenozoic detrital zircon grain ages, most of the Late
Cretaceous—dominated samples were likely deposited in the late early to middle
Eocene (figs. 3 and 7A), which is consistent with the diachronous sediment deposition
and west to east backfilling reported in Cassel and Graham (2011). For these samples,
the detrital zircon age distributions reflect rapid erosion and exhumation of the
Tuolumne intrusive series granitoids (Ague and Brimhall, 1988; Coleman and Glazner,
1997). According to the youngest zircon grain ages, the Jurassic-dominated samples
represent middle to late Eocene deposition (fig. 3), and the age distributions reflect
the extension of paleo-drainages across the region of high topography to the east, with
river headwaters likely reaching what is now north central-northeastern Nevada where
Eocene volcanic rocks are located (fig. 7B). The lack of Cenozoic grains in older
western samples may indicate that drainages did not extend as far to the east, that
lower Eocene rocks may not have been exposed, or that the Eocene signal may be
overwhelmed by extremely high sediment supply from the Tuolumne intrusive series.
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A) ~ early middle Eocene
(~55-45 Ma)

late Eocene volcanism

B) late Eocene
(42-33 Ma)

Fig. 7. Proposed middle to late Eocene paleogeographic reconstructions of the area that is now the
northern Sierra Nevada and western Basin and Range, showing Eocene river channels and areas of
deposition or incision. Dominant sources of detrital sediment and paleovalley bedrock shown in cross-
section (see also figs. 1, 2). (A) Early middle Eocene (approximately) drainage reconstruction based on new
detrital zircon data, combined with previous paleobotanical and stratigraphic age estimates; (B) late Eocene
(42-33 Ma) drainage reconstruction based on new detrital zircon data. Figures show shift in source regions as
reflected in shifts in zircon sample age distributions, from predominantly Tuolumne intrusive series
batholithic rocks (A) to northern Sierra terranes and extra-regional volcanic rocks (B), and possible
headward erosion of drainages from middle to late Eocene.
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Fig. 8. Cumulative probability spectra (0-300 Ma) of detrital zircon ages from combined sample groups
from the northern Sierra Nevada Eocene-Oligocene strata, in comparison to Cretaceous and modern
detrital zircon datasets. Bold black (far left): compilation of all six Late Cretaceous—dominated samples; bold
gray (far right): compilation of all five Jurassic-dominated samples; thin long dashed: Cretaceous Great Valley
Group strata from the Sacramento Valley (GVG), compiled by sample location (fig. 1) and age range (data
from DeGraaff-Surpless and others, 2002); thin short dashed: a sample from the modern Sacramento River
delta (fig. 1). Note large proportion of Tuolumne Series grain ages (80-100 Ma; wide gray bar) and lack of
older grains in Late Cretaceous—dominated sample group, which composes a larger percentage of the zircon
population than any of the Cretaceous Great Valley Group strata, Jurassic-dominated samples, or modern
Sacramento River sediments.

The shift from sediments dominated by Late Cretaceous zircon grains to sedi-
ments predominantly composed of Jurassic grains and lacking Cretaceous grains
indicates that between the early and late Eocene, major changes occurred in drainage
and depositional patterns, and the amount of exposure and erosion of the batholith
(fig. 7). Late Cretaceous forearc basin sediments of the northern Great Valley Group
were sourced from predominantly batholithic terranes of the Klamath-Sierra arc
(compare Ingersoll, 1979; DeGraaff-Surpless and others, 2002), and modern Sacra-
mento delta sediments represent Eocene to recent erosion from across the Sacra-
mento watershed, including Eocene-Miocene sediments that were remobilized during
hydraulic mining in the late 1800s (for example, Gilbert, 1917). These samples thus
provide comparative datasets that represent wide-ranging averages of possible sedi-
ment sources (see fig. 1 for sample locations; see fig. 8 for distributions). In compari-
son to these data, Late Cretaceous—age—dominated Eocene fluvial sediment samples
have significantly larger proportions of Late Cretaceous zircon grains. Late Cretaceous
grains make up almost 80 percent of the total grains analyzed in six Eocene fluvial
sediment samples (fig. 8). Cretaceous Great Valley Group sediments deposited before
89 Ma (Cache Creek) have no late Cretaceous grain ages (DeGraaff-Surpless and
others, 2002), indicating that Tuolumne Series intrusives were not yet a sediment



erosion of the Sierra Nevada batholith across northern California and Nevada 137

source. Samples from Cretaceous Great Valley sediments younger than 90 Ma (Chico
and Cache Creek) have large proportions of Jurassic grain ages and small (<20%)
proportions of late Cretaceous ages (fig. 8; DeGraaff-Surpless and others, 2002). This
comparison of Cretaceous to Eocene provenance datasets indicates that early deposi-
tion of Eocene fluvial sediments coincides with a major increase in the amount of
erosion of the voluminous Tuolumne intrusive series (Coleman and Glazner, 1997),
and that significant erosion of the Sierra Nevada batholith continued throughout the
Eocene. Modern Sacramento delta sediments, although a mix of Eocene to recent
erosion, also have smaller proportions of Tuolumne series zircon, possibly indicating
that the rate of Tuolumne erosion has decreased since the middle Eocene.

The absence of Late Cretaceous grains in the middle to upper Eocene Jurassic—
dominated samples may reflect that nearby sites, such as North Columbia and
Malakoff, are part of completely different catchments, and/or that drainage reorgani-
zation occurred on a local or regional scale between the deposition of Late Cretaceous—
dominated and Jurassic-dominated sediments (figs. 3, 7, and 8). A local scale
difference in supply, controlled by the exposure of Tuolumne series batholithic rocks
and location of deeply incised paleovalleys, may have limited which areas captured
Tuolumne series detritus. Alternatively, drainages may have reorganized as their
headwaters extended eastward in the middle to late Eocene, in response to changes in
climate and uplift rate, significantly shifting the dominant sediment source and
overwhelming local Sierra Nevada basement terrane sources (fig. 7).

CONCLUSIONS

Detrital zircon analysis of Eocene—Oligocene fluvial sediments within the north-
ern Sierra Nevada provides new maximum depositional ages and new insights into
source terranes and drainage system evolution to reconstruct the paleogeography,
topography, and drainage patterns of the mid—-Cenozoic Sierra Nevada—Nevadaplano.
Our findings show that the majority of samples have large populations from one of two
distinct Mesozoic sources local to the Sierra Nevada, as well as 5 to 20 percent
Paleozoic—Precambrian grains that may be sourced locally or extra-regionally. Addition-
ally, the Jurassic—dominated samples contain 1 to 17 percent extra-regional Eocene
grains. These results reflect 1) diachronous sediment deposition, 2) a significant
change in sediment provenance coincident with movement of the locus of deposition
from Late Cretaceous—dominated to Jurassic—dominated sample locations, and 3) the
introduction of extra-regional sediment sources in the middle to late Eocene. These
detrital zircon results are consistent with sedimentologic and stratigraphic data indicat-
ing diachronous Eocene fluvial sediment deposition punctuated by multiple periods of
incision and aggradation during valley backfilling (Cassel and Graham, 2011).

Detrital zircon analysis of Eocene fluvial deposits enables recognition of previ-
ously unidentified sediment sources and new maximum depositional ages. Based on
the youngest single detrital zircon grain age in six samples, maximum depositional
ages range from 42.7 to 28.6 Ma. These results show that there was a long interval of
aggradation as the locus of deposition migrated across the region, from middle Eocene
to earliest Oligocene, and fluvial sediment deposition continued much later than
previously thought. These zircon grains are likely derived from Eocene volcanic rocks
in central Nevada, and their presence suggests that Eocene paleovalleys extended east
across what is now Nevada, providing additional support for a region of high elevation
that drained westward from late Eocene through Oligocene time (fig. 7; DeCelles,
2004; Henry, 2008; Cassel and others, 2009a; Henry and Faulds, 2010). The paleo-
drainage divide must have been located to the east of the Eocene calderas (shown in
fig. 1) in northern Nevada. The timing of initial deposition remains unconstrained,
although most of the Cretaceous-dominated samples are likely older than the Jurassic
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zircon-dominated late Eocene age samples based on flora found within the deposits
(fig. 3).

Detrital zircon age populations from all samples show that the majority of
sediment deposited within the fluvial system was supplied from local metamorphic
basement and regional batholith sources within the ancestral Sierra Nevada (fig. 7).
These results add support to the conclusion from sedimentology and stable isotope
paleoaltimetry studies (for example, Cassel and others, 2009b; Cassel and Graham,
2011) that the Sierra Nevada was an area of high topography with a steep western
gradient in the Eocene-Oligocene, allowing for significant paleovalley incision and
erosion and transport of sediment from upstream (fig. 7).

Changes in detrital zircon age distributions through time provide new insights
into the timing of arc batholith exposure and erosion. In comparison with Cretaceous
and modern Great Valley sediments and other Eocene fluvial samples in this study,
Late Cretaceous—dominated sample populations have significantly higher proportions
of Tuolumne intrusive series zircon grain ages than sediments deposited earlier or
later in the history of the forearc basin. These data suggest that the deposition of the
Late Cretaceous—dominated fluvial sediments in the early to middle Eocene (fig. 3)
coincides with a major increase in the depth of exposure and amount of erosion of the
voluminous Tuolumne intrusive series of the Sierra Nevada batholith from the
Campanian to the middle Eocene, followed by a decrease in the Tuolumne series
contribution to the forearc.

The new depositional age and provenance constraints provided by detrital zircon
analysis allow for a more detailed characterization of depositional patterns and
drainage network evolution. The compositional shift from predominantly regional
Tuolumne series batholith sources of Late Cretaceous—dominated sediments to a mix
of Jurassic batholith, Jurassic—Paleozoic basement terranes, and extra-regional Eocene
grains in late Eocene age, Jurassic zircon-dominated sediments may reflect progressive
canyon incision and extension of headwaters eastward, and bypass of Tuolumne
intrusive series. This coincides with the addition of Nevada—derived sediment, and
changes in style and location of deposition across the northern Sierra. These differ-
ences reflect a shift from regional batholithic to local basement and extra-regional
sources over time, likely due to an increase in drainage area, as drainages eroded
headward across an area of high topography to the east.
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APPENDIX
Complete U-Pb analytical data (http://earth.geology.yale.edu/~ajs/SupplementaryData/2012/
01CasselTableAl.xIsx) and Concordia diagrams (http://earth.geology.yale.edu/~ajs/SupplementaryData/
2012/02CasselPlots.pdf) can be found in the online supplementary data files.

DETRITAL ZIRCON GEOCHRONOLOGY METHODS

Sampling Strategy
We selected 14 samples from Eocene fluvial sediments now exposed within the Yuba and Feather River
drainage in the northern Sierra Nevada. Samples were taken from locations across the depositional area to
best highlight differences in drainage patterns, and from the base and top of the thickest exposed section
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(Malakoff Diggings) to best estimate differences in the timing and duration of aggradation. Samples were
mainly taken from abandoned hydraulic mines, which provide vast (1-4 km) channel reach exposures.
Quinn and Haskell Peak, the easternmost deposits represent coarse channel fills of steep tributary channels
(Cassel and Graham, 2011). Morris Ravine is located just upstream of the Eocene marine shoreline, near the
eastern edge of the Great Valley, and that deposit represents the most distal of the Eocene fluvial deposits
(Allen, 1929; Creely and Force, 2007). Whenever possible, medium- to coarse-grained sandstones were
sampled to remove grain-size bias, although at Quinn and Haskell Peak, matrix sand from coarse gravel
conglomerates were analyzed, as no sand-size beds were present.

U-Pb Geochronologic Analyses of Zircon (Nu HR ICPMS)

Zircon crystals were extracted from samples by traditional methods of crushing and grinding, followed
by separation with a Gemini table, a Frantz magnetic separator, and heavy liquids. Samples were processed
such that all zircons were retained in the final heavy mineral fraction. A large split of these grains (generally
1000-2000) was incorporated into a 1” epoxy mount together with fragments of the LaserChron Center Sri
Lanka standard zircon. The mounts were sanded down to a depth of ~20 microns, polished, imaged, and
cleaned prior to isotopic analysis.

U-Pb geochronology of zircons was conducted by laser ablation multicollector inductively coupled
plasma mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron Center (Gehrels and others,
2006; Gehrels and others, 2008). The analyses involve ablation of zircon with a New Wave UP193HE
Excimer laser (operating at a wavelength of 193 nm) using a spot diameter of 30 microns. The ablated
material is carried in helium into the plasma source of a Nu HR ICPMS, which is equipped with a flight
tube of sufficient width that U, Th, and Pb isotopes are measured simultaneously. All measurements are
made in static mode, using Faraday detectors with 3el1 ohm resistors for 238y, 252Th, 2°®Ph-2°°Pb, and a
discrete dynode ion counter for ***Pb. Ton yields are ~0.8 mv per ppm. Each analysis consists of one
12-second integration on peaks with the laser off (for backgrounds), 15 one-second integrations with
the laser firing, and a 30 second delay to purge the previous sample and prepare for the next analysis.
The ablation pitis ~15 microns in depth.

For each analysis, the errors in determining 206p, /2381 and 2°°Pb/2°*Pb result in a measurement error
of ~1 to 2 percent (at 2-sigma level) in the 206pp /238y age. The errors in measurement of 206pp, /207pp and
206ph,/20*Pb also result in ~1 to 2 percent (at 2-sigma level) uncertainty in age for grains that are >1.0 Ga,
but are substantially larger for younger grains due to low intensity of the 2°’Pb signal. For most analyses, the
cross-over in precision of 206pp, /2381 and 2°°Pb/2°7Ph ages occurs at ~1.0 Ga.

20'Hg interference with 2°*Pb is accounted for measurement of **’Hg during laser ablation and
subtraction of 2**Hg according to the natural **’Hg/?**Hg of 4.35. This Hg correction is not significant for
most analyses because our Hg backgrounds are low (generally ~150 cps at mass 204).

Common Pb correction is accomplished by using the measured ***Pb and assuming an initial Pb
composition from Stacey and Kramers (1975) (with uncertainties of 1.0 for 2°°Pb/?°*Pb and 0.3 for
207ph /291Ph). Our measurement of 2°*Pb is unaffected by the presence of 2**Hg because backgrounds are
measured on peaks (thereby subtracting any background ***Hg and ?°*Pb), and because very little Hg is
present in the argon gas (background ***Hg = ~300 CPS).

Inter-element fractionation of Pb/U is generally ~5 percent, whereas apparent fractionation of Pb
isotopes is generally <0.2 percent. In-run analysis of fragments of a large zircon crystal (generally every fifth
measurement) with known age of 563.5 = 3.2 Ma (2-sigma error) is used to correct for this fractionation.
The uncertainty resulting from the calibration correction is generally 1 to 2 percent (2-sigma) for both
206ph /207ph and 2°°Ph /28U ages.

Concentrations of U and Th are calibrated relative to our Sri Lanka zircon, which contains ~518 ppm of
U and 68 ppm Th.

The analytical data are reported in table 2. Uncertainties shown in these tables are at the 1-sigma level,
and include only measurement errors. Analyses that are >30 percent discordant (by comparison of
206pt, /2381) and 2°°Pb/2°7Ph ages) or >b5 percent reverse discordant (in italics in table 2) are not considered
further.

The resulting interpreted ages are shown on relative and cumulative age-probability diagrams
(from Origin). Relative probability diagrams show each age and its uncertainty (for measurement error
only) as a normal distribution, and cumulative probability diagrams sum all ages from a sample into a
single curve. Histograms are also shown on relative probability plots. See similar in Jacobsen and others
(2010).
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