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ABSTRACT

The provocative hypothesis that the Shinumo Sandstone in the depths of
Grand Canyon was the source for clasts of orthoquartzite in conglomerate of
the Sespe Formation of coastal California, if verified, would indicate that a
major river system flowed southwest from the Colorado Plateau to the Pacific
Ocean prior to opening of the Gulf of California, and would imply that Grand
Canyon had been carved to within a few hundred meters of its modern depth
at the time of this drainage connection. The proposed Eocene Shinumo-Sespe
connection, however, is not supported by detrital zircon nor paleomagnetic-
inclination data and is refuted by thermochronology that shows that the
Shinumo Sandstone of eastern Grand Canyon was >60 °C (~1.8 km deep) and
hence not incised at this time. A proposed 20 Ma (Miocene) Shinumo-Sespe
drainage connection based on clasts in the Sespe Formation is also refuted. We
point out numerous caveats and non-unique interpretations of paleomagnetic
data from clasts. Further, our detrital zircon analysis requires diverse sources
for Sespe clasts, with better statistical matches for the four “most-Shinumo-
like” Sespe clasts with quartzites of the Big Bear Group and Ontario Ridge
metasedimentary succession of the Transverse Ranges, Horse Thief Springs
Formation from Death Valley, and Troy Quartzite of central Arizona. Diverse
thermochronologic and geologic data also refute a Miocene river pathway
through western Grand Canyon and Grand Wash trough. Thus, Sespe clasts
do not require a drainage connection from Grand Canyon or the Colorado
Plateau and provide no constraints for the history of carving of Grand Canyon.

Karl E. Karlstrom @ https://orcid.org/0000-0003-2756-1724

Instead, abundant evidence refutes the “old” (70-17 Ma) Grand Canyon models
and supports a <6 Ma Grand Canyon.

H INTRODUCTION

Sedimentary provenance studies are used extensively in paleogeographic
and tectonic reconstructions. Ideally, the goal of a provenance study is to char-
acterize the depositional system from source-to-sink using as many diagnostic
features as possible, including sources of detritus, constraints on sediment
transport, and depositional settings. This goal challenges current methods that
often have non-unique interpretations. Here, we critically examine a provoca-
tive hypothesis for the provenance of Cenozoic deposits of the southwestern
Colorado Plateau region of the United States. This provides a good case study
because the accumulated detrital zircon data for sources and sinks are volu-
minous, and the provenance interpretations have high-profile tectonic and
paleogeographic ramifications.

B THE SHINUMO-SESPE HYPOTHESIS

Recent papers have evaluated whether the Mesoproterozoic Shinumo
Sandstone, exposed only deep in Grand Canyon, was the source of some
clasts in the Sespe Formation of the Los Angeles basin area (Wernicke, 2011;
Ingersoll et al., 2013, 2018; Sabbeth et al., 2019). If even a single such clast
could be positively verified, this would provide an important source-to-sink
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“nail” for reconstructing a past drainage connection between a Grand Canyon
source and a Sespe Formation sink, and hence for refining paleogeographic
and tectonic reconstructions of the Colorado Plateau and southern California
regions. Specifically, this hypothesis requires that Grand Canyon had been
carved in its present position and to near its modern depth so that the Shinumo
Sandstone, which is only exposed in the depths of Grand Canyon within a few
hundred meters of the modern river, was acting as the source for clasts in
downstream basins. Wernicke (2011) proposed this connection for the entire
Sespe Formation, which ranges from middle Eocene to early Miocene in age.
Sabbeth et al. (2019) tested this hypothesis through zircon U-Pb dating and
paleomagnetic analysis of conglomerate clasts in the Sespe Formation and
potential source rocks, including the Shinumo Sandstone. They found no
evidence of an Eocene connection but did posit that clasts in the Miocene
part of the Sespe Formation were derived from Grand Canyon. However, both
Eocene and Miocene connections conflict with recent thermochronologic and
geologic evidence that indicates that the Shinumo Sandstone was not likely
exposed in Grand Canyon during either of these timeframes (Karlstrom et al.,
2014; Young and Crow, 2014; Fox et al., 2017; Winn et al., 2017; Lamb et al.
2018) such that the “Shinumo-Sespe hypothesis” needs thorough evaluation.

Wernicke (2011, p. 1301) proposed that the drainage connection between
southern California and Grand Canyon initiated at ca. 55 Ma through an “Ari-
zona River” that “carved Grand Canyon to within a few hundred meters of
its modern depth!” This river would have fed lower to middle Eocene marine
formations now exposed in the Los Angeles and surrounding areas, followed
by the nonmarine Sespe Formation beginning at ca. 42 Ma. In contradiction,
Ingersoll et al. (2013, p. 311) concluded, based on an extensive Mesozoic to
Cenozoic detrital zircon record for southern California, that: “Although Paleo-
gene headwaters of southern California rivers extended into the eastern
Mojave Desert, Sonoran Desert, and Mogollon Highlands, our results indi-
cate that these headwaters did not extend as far as the Colorado Plateau.”
This conclusion is consistent with the failure of Sabbeth et al. (2019) to find a
Sespe-Shinumo connection in the Eocene, although they have continued to use
the name “Arizona River” for their inferred connection at ca. 20 Ma. Specifically,
they concluded (Sabbeth et al., 2019, p. 1973) that: “The Shinumo Formation,
presently exposed only within a few hundred meters elevation of the bottom
of eastern Grand Canyon, thus remains the only plausible, known source for
the moderate- to high-inclination clast population [in the Miocene part of the
Sespe Formation]. If so, then the Upper Granite Gorge of the eastern Grand
Canyon had been eroded to within a few hundred meters of its current depth
by early Miocene time (ca. 20 Ma)."

The first goal of this paper is to evaluate both the 50 and 20 Ma iterations
of the “Arizona River” hypothesis in the context of current understanding of
the age of Grand Canyon. The second goal is to synthesize the Eocene through
Miocene drainage evolution and paleogeography of this region. For both goals,
we provide a more extensive inventory of detrital zircon characteristics of
potential quartzite and sandstone sources as well as the preserved remnants
of paleoriver deposits and depositional basins in the region.

B SESPE FORMATION PROVENANCE

Quartzite pebbles and cobbles are notoriously durable and persistentin riv-
ers, and itis acommendable (and elusive) goal to try to parse source terranes
for far-traveled quartzite clasts. The Sespe Formation (Howard, 1987, p. 13) con-
sists of “sequences of unfossiliferous strata lying above fossiliferous marine
Eocene rocks and overlain by fossiliferous marine Miocene rocks.” It contains
far-traveled quartzite clasts defined by Howard (2000, p. 1635) as quartzose
sedimentary rocks (not necessarily quartz arenites) that fracture across grain
boundaries. This property may be the result of diagenesis (orthoquartzite) or
metamorphism (metaquartzite). These terms are difficult to apply in detail and
further petrographic subdivisions are needed for detailed provenance work
(e.g., Howard, 2000; his tables 2 and 3; Sabbeth et al., 2019; their supplemen-
tary figure 3). Descriptions from both papers suggest that quartzose clasts of
the Eocene (ca. 42 Ma) to Miocene (ca. 20 Ma) components of the Sespe For-
mation include a diverse population of white, black, red, and green pebbles
and cobbles that include metaquartzite and silica-cemented orthoquartzite
that range in composition from quartz arenite to arkose.

Figure 1 shows potential source regions for the orthoquartzite clasts in
the Sespe Formation. These regions contain diverse types of quartzose rocks.
Paleoproterozoic to lower Mesoproterozoic (1.78-1.560 Ga) metaquartzites are
common in the Mojave (Barth et al., 2009; Holland et al., 2018) and central
Arizona areas (e.g., Cox et al., 2002; Doe et al., 2012; Mako et al., 2015; Spencer
et al., 2016b). Lower Mesoproterozoic (1.5-1.45 Ga) metaquartzites are present
in central Arizona (Doe et al., 2012, 2013). Metaquartzites range from lower
greenschist to amphibolite facies and tend to have polygonal and interlocking
grain boundaries. Orthoquartzites occur in the Mesoproterozoic (1.25-1.1 Ga)
Pahrump, Apache, and Unkar Groups in the Mojave, central Arizona, and
Grand Canyon regions (Timmons et al., 2005; Mahon et al., 2014a, 2014b;
Mulder et al., 2017, 2018). Neoproterozoic orthoquartzite is present in Grand
Canyon and Death Valley (Mahon et al., 2014a; Dehler et al., 2017), and Pha-
nerozoic orthoquartzite is known in several units such as the Permian Coconino
Sandstone and Jurassic Navajo and/or Aztec sandstones. These sandstones
are generally unmetamorphosed and show diagenetic quartz overgrowths
and pressure solution. Less mature Paleozoic sandstone also occurs across
the Southwest; for example, the Tapeats Sandstone and its correlatives are
dominantly arkosic to subarkosic (McKee and Resser, 1945; Hereford, 1977;
Stewart et al., 2001; Karlstrom et al., 2018) and rarely quartz arenite (e.g.,
Zabriskie Quartzite, Howard, 2000). Several of the orthoquartzite lithologies
were variably metamorphosed in the Maria fold and thrust belt and Death Val-
ley region (Labotka, 1980; Hamilton, 1987; Applegate and Hodges, 1995; Salem,
2009), potentially blurring the use of metamorphic versus diagenetic textures.
Some samples depicted in Sabbeth et al. (2019; their supplementary figure S3)
display textures similar to those of the region’s metaquartzites (e.g., 14LS02
and 14LS05), and others are similar to the Mesoproterozoic silica-cemented
sandstones (e.g., 14LS08, 14LS09, and BW1614). Overall, the textures of many
Sespe clasts remain ambiguous for source correlations.

Karlstrom et al. | Shinumo-Sespe drainage connection
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Potential source regions for
Sespe orthoquartzite cobbles

ﬁ Sabbeth et al., 2019
ﬁ This paper

Pacific Ocean
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Figure 1. Index map of the southwestern United States
showing the proposed Arizona River hypothesis (modi-
fied from Sabbeth et al., 2019). Potential source regions
for orthoquartzite clasts in the Sespe Formation are
shown by stars. Red star source regions and the red
asymmetric drainage divided favored by Sabbeth et al.
(2019) are not favored here. Instead, a more southerly
Mogollon Highlands drainage divide and the black source
regions are favored by our detrital zircon analysis. Abbre-
viations: B—Big Bear Group; EG—eastern Grand Canyon;
H—Horsethief Springs Formation; red M—Morrison For-
mation; black M and outline—metamorphosed Paleozoic
rocks of Maria fold and thrust belt; black dash—area of
McCoy (Mc) Mountains Formation; O —Ontario Ridge
metasedimentary rocks; P—Pinto Mountain Group;
S—Shinumo Sandstone; T—Troy Quartzite; W—White
Ledges Formation; WG —western Grand Canyon; Z—
Zabriskie Quartzite.

The potential Shinumo Sandstone source in Grand Canyon has the smallest
areal extent of any of the possible sources for Sespe clasts shown in Figure
1. Tilted sandstone of the Unkar Group occurs only in several small areas
(total <100 km?) in the inner gorge of eastern Grand Canyon, from river mile
78-108 (Fig. 2A). The Shinumo Sandstone (Timmons et al., 2005), previously
called the Shinumo Quartzite (Elston et al., 1993), is a strongly cross-bedded,
silica-cemented quartz arenite containing a thick interval of convolute bed-
ding. Its age is 1150-1104 Ma, as constrained between the age of the youngest
detrital zircon grains (Mulder et al., 2017) and the age of the stratigraphically
overlying 1104 Ma Cardenas Basalt and intrusive 1100 Ma diabase dikes and
sills (Timmons et al., 2005). Its detrital zircon spectra contain peaks at 1.8-1.7,
1.45-1.40, and 1.3-1.1 Ga. Older grains suggest it was derived in part from
unroofing of the underlying Vishnu Schist, but there was also appreciable
input of detritus in the foreland of the 1.3-1.0 Ga Texas-Grenville suture to the
south (Mulder et al., 2017, 2018). Outcrops of the Shinumo Sandstone extend
to as high as 1260 m elevation in eastern Grand Canyon near river miles 80
and 88 (up to 530 m above the river), and 1120 m near River Mile 109 (450 m
above the river), but most of Shinumo Sandstone outcrop is less than 300 m
above the river. As such, it would be a potential source rock following carving
of eastern Grand Canyon to within ~300 m of its modern depth.

The Sespe Formation in southern California restores ~310 km across the San
Andres fault system to a 20 Ma position west of the modern Colorado River
delta. It was deposited within what Howard (2000) and Ingersoll et al. (2013,
2018) termed the Sespe delta (Fig. 1). The Sespe Formation is predominantly

Oligocene, although it is as old as middle Eocene (42 Ma) and as young as early
Miocene (20 Ma). Based on integrated study of conglomerate clast assemblage,
sandstone petrography, and detrital zircon ages, Ingersoll et al. (2018) con-
cluded that most sediment of the Sespe delta was sourced from the Mesozoic
Cordilleran arc, with subequal amounts of Cretaceous and Jurassic detritus
and lesser Triassic detritus, plus Proterozoic framework rocks (ca. 1.7 and
ca. 1.4 Ga) of southern California, southwestern Arizona, and northwestern
Sonora, Mexico. Far-traveled quartzite clasts may have been sourced on the
southern slopes of the Mogollon highlands of central Arizona and transported
by rivers that came across the arc. But the near absence of detrital zircon ages
of 300-1000 Ma (distinctive ages in upper Paleozoic through Cretaceous strata
of the Colorado Plateau; e.g., Dickinson and Gehrels, 2003, 2009; Gehrels et al.,
2011) is inconsistent with derivation of Sespe detritus from the Grand Can-
yon area. Rather, the oldest record of the distinctive 300-1000 Ma signature
corresponds with the arrival of Colorado River detritus to the Salton Trough
area at 5 Ma (Kimbrough et al., 2015; Crow et al., 2019a). Thus, Ingersoll et al.
(2013, 2018) argued that diverse provenance data from the Sespe Formation
and detrital zircon age spectra from Cretaceous through Pliocene strata of
southern California do not support the cutting of Grand Canyon prior to the
Pliocene. The range of possible source rocks and areas shown in Figure 1 indi-
cates that finding one or more definitive Shinumo Sandstone clasts from the
Grand Canyon within the Sespe Formation has a low probability. This paper
challenges the Wernicke (2011) and Sabbeth et al. (2019) statement that Shi-
numo Sandstone is “the only plausible” source for a subset of Sespe clasts.

Karlstrom et al. | Shinumo-Sespe drainage connection
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Figure 2. (A) 300-m-thick Shinumo Sandstone in Grand Canyon extends several hun-
dred meters above the river in tilted fault blocks. (B) Correlative Mesoproterozoic Troy
Quartzite of central Arizona is another potential source for Sespe cobbles. (C) Convolute
bedding and bi-polar foresets in outcrops of Shinumo Sandstone of Grand Canyon
show that sedimentary lamination in cobbles need not be horizontal bedding. (D) lllus-
tration of how a 50°W-plunging paleomagnetic inclination relative to bedding would
be measured as a 70° inclination relative to E-dipping cross bedding; modified from
Sabbeth et al. (2019), their supplementary figure S4. (Continued on following page.)
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B PALEOMAGNETISM OF CLASTS AS A PROVENANCE
CONSTRAINT

Applying paleomagnetic analyses to clasts for provenance studies is a
unique and unconventional approach because all geographic context is lost in
transport. The main constraint obtainable from pebbles is the magnetic paleoin-
clination relative to “sedimentary lamination” (Sabbeth et al., 2019, their figure
4). This could be a meaningful constraint if the magnetization is demonstrated
to be primary (syn-depositional) relative to bedding in the cobbles. Sabbeth
et al. (2019) suggest that Mesoproterozoic source rocks would contain moderate
primary inclinations and hence be distinguishable from Neoproterozoic and
Cambrian source regions that would contain shallow inclinations.

Primary or Secondary Magnetization in Cobbles

The approach of Sabbeth et al. (2019) relies on inclination data from clasts,
without verifying that the clasts actually carry a pre-depositional magnetization
via a positive conglomerate test. The conglomerate test is one of the fundamen-
tal field tests in paleomagnetism and tests two alternate hypotheses: (1) that
the rock has been remagnetized such that the matrix and clasts all display the
same direction representing a non-primary postdepositional direction; ver-
sus (2) that the rock has not been remagnetized and that the matrix displays
a primary syn-sedimentary direction, whereas the clasts preserve distinct
pre-depositional magnetizations that are generally random. Unfortunately,
as Sabbeth et al. (2019) noted, a conglomerate test was not conducted. Other
paleomagnetic work conducted on the Sespe Formation has demonstrated
that it carries an early chemical remanent magnetization (CRM) (Hillhouse,
2010), but its effect on clasts, if any, cannot be evaluated using the Sabbeth
et al. (2019) data.

Primary or Secondary Magnetization in Source Regions

The question of whether the magnetization is primary in the source region is
also untestable from the clast data because of the possibility of steep overprints
on lower-inclination primary directions. For example, any of the orthoquartzites
could have been remagnetized in the Late Cretaceous to Cenozoic in the Maria
fold and thrust belt, core complexes, or Death Valley regions to give moderate
secondary inclinations similar to today’s magnetic field. For example, samples
from Neoproterozoic-Cambrian sandstones from Grand Canyon and the Uinta
Mountains have been completely remagnetized with steep recent chemical
remanent magnetizations carried by hematite (Weil et al., 2004, 2006; Eyster
et al., 2020). Some of the Zijderveld diagrams from these remagnetized sam-
ples (Eyster et al., 2020) look similar to those depicted as primary in Sabbeth
et al. (2019). Hence, it is possible that some of the Sespe clasts could include a
primary direction carried by magnetite (or lower-coercivity hematite) and then

a steep overprint carried by high-coercivity hematite (Sabbeth et al., 2019; their
supplementary figure S2). The Cambrian Zabriskie Quartzite was proposed by
Howard (2000) as a potential source of Sespe clasts. It locally displays steep
overprints or pervasive steep remagnetization, and, in one study, about half of
the samples displayed steep natural remanent magnetization (NRM) directions
near the present axial dipole field that changed only slightly upon thermal
demagnetization to 680 °C (Van Alstine and Gillett, 1979). The development
of steep remagnetizations has been documented in a variety of units and has
the potential to occur in many of the possible source locations. Thus, it is
problematic to assume and inaccurate to claim (Sabbeth et al., 2019, p. 1973)
that moderate to steep inclinations are a unique fingerprint of the Mesopro-
terozoic Shinumo Sandstone of Grand Canyon.

Complexity of Cross Bedding

The measured paleoinclination data of clasts would only distinguish among
different age sources if it is certain that the reference lamination is original
horizontal bedding rather than cross bedding. However, convolute layering
and polymodal cross bedding are very common in the Shinumo Sandstone
(Fig. 2A; Daneker, 1975) as well as many other potential source rocks such as
the Troy Quartzite (Fig. 2B). Cross bedding is generally defined by oxide-rich
laminae (Fig. 2C) and would likely be indistinguishable from original horizontal
bedding in isolated clasts. Thus, inclinations in the clasts could be mistakenly
measured relative to cross bedding, not horizontal bedding. Sabbeth et al. (2019)
claimed, too optimistically, that they can guess the most likely foreset dip for
the Shinumo Sandstone and Tapeats Sandstone, and hence guess the more
likely + ~30° dispersion. But their assumed dominant foreset dip directions
(Sabbeth et al., 2019; their supplementary figure S4) oversimplify the reported
paleocurrent data for the Shinumo Sandstone, which includes trough cross beds
with a dominant transport direction toward ~350° but with planar-tabular cross
beds suggesting bipolar current directions to NE and SW (Fig. 2E.i; Daneker,
1975; Timmons et al., 2005; Mulder et al., 2017). Tapeats Sandstone (Rose, 2011)
exhibits bi-polar (tidally influenced) cross beds, and other sandstones such as
the Troy Quartzite are also pervasively cross bedded (Burns, 1987).

Figure 2D shows the reasoning of Sabbeth et al. (2019; their supplementary
figure S4) that 50°W-plunging paleoinclinations relative to bedding in the
Shinumo Sandstone would yield steeper (~70°) apparent paleoinclinations,
relative to east-dipping foresets dominated. However, foreset planes have
more diverse orientations in both Tapeats and Shinumo sandstones than they
reported (Fig. 2E.i), as do measured paleomagnetic paleopoles (Fig. 2E.ii). To
illustrate the complexity for a given illustrative foreset plane (e.g., Fig. 2E.ii),
the apparent paleomagnetic inclination relative to that foreset is rotated by
the dip of the foreset (Fig. 2E.iii), and the resulting apparent inclination spectra
are quite dispersed (from 0° to 70°; Fig. 2E.iv). Once the numerous multiple
foreset orientations are considered (Table S1' in the Supplemental Material),
inadvertently mistaking cross bedding for bedding as the datum in clasts
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for both Tapeats and Shinumo clasts results in apparent paleoinclinations
ranging from 0° to 80° for either Mesoproterozoic or Cambrian cross-bedded
sandstones. This is another potentially fatal caveat of using paleoinclination
data for provenance studies of the Sespe clasts.

Evaluating the Sespe Clast Paleomagnetic Data

Figure 3 further explores the data reported by Sabbeth et al. (2019). They
obtained paleoinclinations from 44 of 92 orthoquartzite pebbles with incli-
nation values ranging from 0° to 78° (Fig. 3A). The range and distribution
of clast paleoinclinations from both Eocene and Miocene parts of the Sespe
Formation are similar, with maxima at ~16° and 40°. Although their small data
set may not be statistically defendable, and disregarding the marked over-
lap (0°-55°) of values, Sabbeth et al. (2019) concluded that the Eocene clasts
had a “stronger peak” at 15° and no steep (>55°) inclination clasts, whereas
Miocene clasts had peaks at 15° and 45° and several values >60°. The poten-
tial sources they characterized are also shown in Figure 3A and included the
Shinumo Sandstone (1.15-1.0 Ga), yielding dominantly mid-value (20°-80°)
inclinations (from unpublished data of Elston and Grommé, 1994), and the
Tapeats Sandstone (0.51 Ga), yielding dominantly lower inclinations (0°-40°;
from Elston and Bressler, 1977). They concluded that their Miocene clasts, but
not the Eocene clasts, may have been sourced from the Shinumo Sandstone.
However, this is unconvincing given the substantial (14°-44°) overlap within
and between these potential sources. Both the Tapeats and Shinumo inclina-
tion data in Figure 3A are more dispersed than would be expected in modern

All Sespe Clasts
(Sabbeth et al., 2019)

Miocene Sespe Clasts
(Sabbeth et al., 2019)

data sets such that there also may be problems with overprints. Thus, similar
to detrital zircon studies, future clast-inclination provenance studies will need
to involve larger sample sizes and statistical treatment (e.g., >100 samples) to
derive potential fingerprints of various sources.

Laurentia’s apparent polar-wander path during Mesoproterozoic to Cam-
brian time is shown in Figure 3B (Swanson-Hysell et al., 2019). Data sets from
North America support the conclusion by Sabbeth et al. (2019) that Meso-
proterozoic source rocks would contain moderate primary inclinations and
Neoproterozoic and Cambrian source regions would contain shallow inclina-
tions. However, there have been very few paleomagnetic studies conducted
with demagnetization data, and no paleomagnetic poles are available from
Mesoproterozoic quartzites of the Southwest outside the Grand Canyon Unkar
Group. The incomplete characterization of the wider possibilities of potential
source rocks shown in Figure 1 is a fatal weakness for uniquely interpreting
the paleoinclination data. Even if one accepted that the 40°-80° paleoinclina-
tions of pebbles of the Miocene Sespe reflect primary source-rock inclinations
relative to bedding, and therefore that 17 of 44 orthoquartzite samples could
have come from a Mesoproterozoic source such as the Shinumo Sandstone,
there are other equally plausible potential Mesoproterozoic source regions.
These include regional correlatives of the Shinumo Sandstone such as the
Troy Quartzite of the Apache Group, quartzites of the Lower Crystal Springs
Formation of Death Valley (Timmons et al., 2005; Mulder et al., 2017), and
quartzite of the Transverse Ranges (Barth et al., 2009).

Mesoproterozoic quartzites from elsewhere in this region likely carry similar
paleomagnetic inclinations to those displayed in the Shinumo. For the Troy
Quartzite, although there is no direct paleomagnetic data, there are poles

Eocene Sespe Clasts B
(Sabbeth et al., 2019)
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Figure 3. Paleomagnetic arguments and data. (A) Histograms of inclinations from Sabbeth et al. (2019) for the Sespe clasts and potential source rocks. Data sources indicated in the
figure. (B) Key Laurentian poles and parts of its apparent polar wander path (adapted from Swanson-Hysell et al., 2019). Also shown are the Mescal Limestone pole (Elston et al.,

1993), Shinumo pole (Elston et al., 2002), and the Apache Group intrusions (Donadini et al.,

2011).
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reported from the underlying Mescal Limestone, as well as from the intrusions
into the Apache Group (Fig. 3A; replotted from Elston et al., 1993). Despite
the lack of published demagnetization data, these poles suggest that the Troy
Quartzite direction would be similar to the Shinumo Sandstone. Examination of
the inclinations from other published site data from 1100 Ma diabase intrusions
(Helsley and Spall, 1972; Donadini et al., 2011) suggests that mid-inclination
spectra found in the Miocene Sespe clasts, if primary, could as readily have
come from the Troy Quartzite as the Shinumo Sandstone.

In summary, the Sabbeth et al. (2019) approach was to minimize the poten-
tially fatal and untestable complexities, such as multiple magnetizations;
unrecognized dispersion caused by diverse cross-bedding orientations; and
the expected overlap in values from other unstudied potential source regions.
Their inclination data are permissive that some of the clasts were derived from
Mesoproterozoic sedimentary sources such as the Shinumo, Troy and correl-
ative units, but they could also be from remagnetized orthoquartzites of any
age. Their assertion that a 30°-80° mode pinpoints the Shinumo as the only
known “plausible” source region is rejected here and hence does not provide
unambiguous evidence for a drainage connection between a Shinumo Sand-
stone source region and Sespe Formation deposition.

B DETRITAL ZIRCON SIGNATURES OF POTENTIAL SOURCE ROCKS
FOR SESPE CLASTS

Characterizing sedimentary rocks via their detrital zircon (DZ) populations is
a more promising method by which the proposed Shinumo-Sespe connection
can be tested. Our experience is that specific source-to-sink interpretations of
such data sets are often non-unique, but we now have more sophisticated tools
with which to quantitatively compare DZ age distributions (e.g., Vermeesch,
2013; Saylor and Sundell, 2016). Furthermore, the presence or absence of
distinctive ages can provide definitive constraints.

Detrital zircon spectra from many Proterozoic rocks of the Southwest have
one or more of the “three towers” of 1.8-1.6 Ga (Yavapai-Mazatzal provinces);
1.48-1.35 Ga (Picuris orogeny), and 1.25-1.0 Ga (broadly from the time of the
Grenville orogeny). The modes and relative proportions of these age ranges
may be diagnostic for high “n” analyses of >300-500 grains (Pullen et al.,
2014). Distinctive zircon age groups may include: (1) 1.85 Ga and older grains
that are common in the Mojave Province and Vishnu Schist (Holland et al.,
2015); (2) 1.60-1.50 Ga “tectonic gap” age zircon that is now known from the
Yankee Joe and related strata of central Arizona (Doe et al., 2012); (3) 1.38 Ga
early Mesoproterozoic plutons of the Kingman uplift area that are slightly
younger than the usual 1.45-1.43 Ga peaks (Winn, 2019); and (4) 1.2 Ga late
Mesoproterozoic peaks that may have been derived from the Texas-Grenville
foreland deposits of southwestern Laurentia (Mulder et al., 2017, 2018) and/or
the San Gabriel anorthosite-syenite suite of southern California (Barth et al.,
2000); these contrast with 1.1-1.0 Ga age group that dominates in Neoprotero-
zoic to Mesozoic strata from much of western North America that may have

been derived in large part from Appalachian-Grenville sources (e.g., Gehrels
et al., 2011; Gehrels and Pecha, 2014). For the latter group, we use the term
Grenville age for 1.25-1.0 Ga grains irrespective of alternate potential prove-
nance for these grains (Farmer et al., 2005).

To evaluate the Shinumo-Sespe hypothesis of Sabbeth et al. (2019), we
compiled detrital zircon U-Pb ages from 15 studies in the literature (Table S2
[footnote 1]). The analyses were performed in nine different laboratories, two
using ion microprobes and seven using laser-ablation-inductively coupled
plasma mass spectrometry. The analytical approaches between laboratories
vary in choice of primary standards, methods for correcting isotope fraction-
ation, common-Pb correction, etc. Some studies report internal errors; others
propagated errors. Some have eliminated certain analyses using a fixed-per-
centage U-Pb discordance filter, as has been commonly employed in detrital
zircon studies (e.g., Gehrels and Pecha, 2014), whereas others have utilized
a more recent approach of retaining only those analyses that are statistically
concordant (cf. Spencer et al., 2016a). We have chosen the fixed-percentage
approach because: (1) The disparities between the various data sets, both
in accuracy and precision, preclude a consistent determination of statistical
concordance. (2) Discordance is a geologically significant feature in potential
source terranes of rocks considered here (e.g., Barth et al., 2009); ignoring such
grains can obscure important signal. (3) Several rock units considered here
have undergone medium- to high-grade metamorphism that led to significant
Pb loss in zircon (Barth et al., 2009; Zylstra, 2017); using only statistically con-
cordant zircon from these samples would disqualify an excessive number of
analyses. Accordingly, we re-filtered any data sets (with one exception to be
described below) that did not already adhere to the following criteria, which
follow the widely used protocol of the Arizona LaserChron Center (e.g., Gehrels
etal., 2006, 2008): (1) Rejection of analyses with concordance of <80% or >105%,
where concordance is defined as the ratio of 2°°Pb/?®*U age to 2’Pb/?*Pb age.
(2) Use of the 2°°Pb/%8U age where that age is <900 Ma, and the ?’Pb/?*°Pb age
for those analyses where the 2°°Pb/?®U age is 2900 Ma.

In Figure 4, using the above data set, we re-plotted detrital zircon ages
from the 12 orthoquartzite Sespe clasts presented by Sabbeth et al. (2019;
their figure 8) using the detritalPy software package of Sharman et al. (2018).
Colored age divisions at 300, 800, 1300, 1540, 1855, and 2450 Ma are used to
highlight the “three towers” and other characteristic age populations. These
subdivisions are somewhat arbitrary but were derived by empirical observa-
tion of natural breaks in most of our age distributions and closely follow those
used by Dickinson et al. (2012).

Figure 4 shows that four of the 12 Sespe Formation clasts (red stars and red
cumulative plots in Fig. 4) have tri-modal age distributions, and their youngest
zircon grains are older than or within analytical error of the 1150-1104 Ma depo-
sitional age of the Shinumo Sandstone (gray bar in Fig. 4). These are considered
the “best” potential matches to a Shinumo Formation source, and our focus is
on these four of 12 of their clasts because they have moderate paleoinclinations,
unambiguous >1.1 Ga maximum depositional ages (but see discussion below),
and petrographic characteristics that resemble silica-cemented sandstone
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(Sabbeth et al., 2019, their supplementary figure S3). Three of 12 clasts (bot-
tom of Fig. 4 and blue cumulative plots) have unimodal age distributions unlike
the Shinumo Sandstone but similar to many Paleoproterozoic samples in the
region; their potential sources are discussed below.
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Seven of 12 have small to moderate numbers of post-1.1 Ga grains that
would seem to preclude a Shinumo Sandstone source. For most of these
(14LS11 excluded), Sabbeth et al. (2019, p. 1991) invoked an “allochthonous”
argument that rationalizes young populations as spurious contamination, as
likely also applies to their sample (IC-1-35) of the Shinumo Sandstone. Our
new probability density plots try to address this by filtering out any grains with
high discordance that can be due to lead loss or mixing of core and rim ages,
but “allochthonous” contamination remains possible, although untestable.
The following discussions consider this allochthonous interpretation, as well
as the alternative that the young ages may be real.

Comparison of Best Sespe Clasts to Shinumo Sandstone

Figure 5 plots the four “best” (most Shinumo-like) clasts from the Sespe
Formation to allow closer comparison with the proposed Shinumo Sandstone
source. The Shinumo samples are arranged in stratigraphic order, with younger
samples at the top. Three of the Sespe clasts (Samples 14LS08, 14LS09, and
14LS12) exhibit similar age distributions defined by abundant 1.25-1.0 Ga
and 1.48-1.35 Ga zircon, modest numbers of 1.8-1.6 Ga grains, and small
percentages of 3.0-1.85 Ga ages. The 1.25-1.0 Ga age population exhibits two
subpeaks, a larger one at 1.2 Ga and a smaller one at 1.1 Ga. The 1.2 Ga peak
is notable, as the Grenville-age population in many sedimentary sequences in
the Southwest tends to be dominated by younger, ca. 1.1 Ga, ages (Dickinson
and Gehrels, 2008a, 2008b, 2009; Gehrels and Pecha, 2014; Chapman et al.,
2018). We refer to these three samples as the hybrid “Grenville-Picuris Sespe

<
<

Figure 4. Sabbeth et al. (2019) Sespe clast detrital zircon spectra re-plotted using the
detritalPy software package of Sharman et al. (2018); the spectra in this and subsequent
figures are probability density plots (PDPs). Vertical gray band at 1150-1100 Ma shows the
upper and lower depositional age bounds of the Shinumo Sandstone based on ages of
stratigraphically overlying and intrusive igneous rocks (Timmons et al., 2005) and detrital
zircon ages (Bloch et al., 2006; Mulder et al., 2017), excluding some anomalously young
ages (see Fig. 5). For the cumulative probability plots: the 5/7 samples with young grains
that would potentially preclude clasts being from the >1.1 Ga Shinumo Sandstone are
shown in gray, the 3/13 clasts with unimodal spectra similar to late Paleoproterozoic to
early Mesoproterozoic samples are shown in blue. This leaves 4/13 samples (red stars
and red cumulative probability paths) that have moderate paleoinclinations and unam-
biguous >1.1 Ga maximum depositional ages (within analytical uncertainty), and that
petrographically look like silica-cemented sandstones in supplementary figure S3 of
Sabbeth et al. (2019). Sample names in the legend for the cumulative probability curves
and their equivalents in the panels for the PDPs are those used in the original sources.
The names in parentheses in the PDP panels are abbreviations defined here to improve
readability of Figure 8. The numbering sequence for the abbreviated names follows the
ordering of samples used in Figure 8 of Sabbeth et al. (2019). We reordered the samples
here to group those with similar detrital zircon age spectra. The letter “n” and numbers
in parentheses in the legend for the cumulative probability curves indicate the number of
ages <3000 Ma (before the slash) and the total number of ages (after the slash) for each
sample. See Table S2 (text footnote 1) for detrital zircon ages used.

Karlstrom et al. | Shinumo-Sespe drainage connection



http://geosphere.gsapubs.org

GEOSPHERE | Volume 16 | Number 6

clasts” This group is broadly like sample K1275L-1 from the middle part of the
Shinumo Formation, although sample K1275L-1 lacks the subpeak at 1.1 Ga.
The fourth of the best Sespe clasts (BW1614) has less Grenville-age zircon
overall than the other three samples, with no 1.1 Ga zircon, but a much higher
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abundance of late Paleoproterozoic zircon (peak at 1.65 Ga). This Sespe clast
somewhat resembles samples from the upper part of the Shinumo Sandstone,
although the latter do not exhibit a consistent 1.2 Ga peak. In addition, the
Paleoproterozoic peak in the upper Shinumo samples is older (1.8-1.7 Ga)
than the Paleoproterozoic peak in Sespe sample BW1614. The lower Shinumo
Sandstone exhibits the least similarity to the Sespe clasts. These samples have
smaller numbers of Grenville-age and Picuris-age grains, but higher numbers
of pre-1.8 Ga zircon, particularly Archean zircon.

Note that each of the three Grenville-Picuris Sespe clasts yielded several zir-
con ages younger than the 1104 Ma minimum depositional age of the Shinumo
Formation (as young as 1042 Ma; Table S2 [footnote 1]). These ages are man-
ifested in Figures 4 and 5 by a young tail (ca. 1.1-1.0 Ga) on the Grenville-age
age range. However, a similar tail is present in Shinumo sample T01-75-5, and
Shinumo sample IC-1-35 likewise exhibits several ages inconsistent with the
depositional age of the formation. These anomalies in the Shinumo results pre-
clude using the <1.1 Ga ages in the Grenville-Picuris Sespe clasts as evidence
against derivation from the Shinumo Formation. We attribute the 1.1-1.0 Ga
tails to Pb loss or analytical uncertainty.

Comparison of Best Sespe Clasts to Other Potential Sources

In Figure 6, we combine similar Sespe clasts and Shinumo samples, respec-
tively, from Figure 5 and compare these composite spectra with alternative
potential sources for the Sespe clasts. Among these are the Troy and Dripping
Springs quartzites of the Apache Group of central Arizona (Stewart et al., 2001;
Mulder et al., 2017), a region previously suggested as a potential source area
for quartzite clasts in the Sespe conglomerate (Howard, 2000). Sabbeth et al.
(2019, p. 1992) rejected the Troy Quartzite as a source for the Sespe clasts
based on a K-S test comparing Sespe clasts 14LS08 and 14LS12 (both part of
our Grenville-Picuris group) with a limited set of analyses for the Troy Quartz-
ite (131 analyses from three samples from Stewart et al., 2001; Mulder et al.,
2017). Here, we use a more comprehensive Troy age distribution that includes
two new samples from Mulder et al. (2018) in addition to the samples plotted
by Sabbeth et al. (2019); this age distribution contains the mode of Grenville-
Picuris grains also seen in Sespe clasts (Fig. 6; note that, as explained in the
figure caption, we use 2°°Pb/?®U ages exclusively for the Mulder et al., 2018
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Figure 5. Individual spectra for samples of Shinumo Sandstone from Upper Granite Gorge
of Grand Canyon arranged stratigraphically with oldest at bottom compared with four
“best” matches among Sespe conglomerate clasts (red stars). Note that there is a distinct
1.2 Ga peak in many Sespe clasts that is also present in some samples from the upper
Shinumo Sandstone but that there is a higher proportion of pre-1.8 Ga grains in the
Shinumo Sandstone versus a higher proportion of post-1.5 Ga grains in Sespe cobbles.
K1275L-1 from the middle Shinumo Sandstone is one of the better possible matches for
the Sespe clasts. Number of grains (“n”) defined as in Figure 4. See Table S2 (text foot-
note 1) for data sources.
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Figure 6. Alternative possible source regions for the best Sespe clasts compared to com-
posites for lower, middle, and upper Shinumo Sandstone, Troy Quartzite, Dripping Springs
Quartzite, Big Bear quartzite, Ontario Ridge quartzite, and Horse Thief Springs sandstone.
Three of the four best Sespe clasts with similar release spectra (Figs. 4 and 5) have been
combined into a single group (“Grenville-Picuris Sespe clasts”). Note that Sespe clasts
are qualitatively most similar to middle Shinumo, Troy, and Big Bear quartzites. Analy-
ses for two of samples of Troy Quartzite were optimized for trace-element analysis; they
yielded acceptable errors for 27Pb/?**U and 2°Pb/?*®U ages but excessively high errors
for 27Pb/2°Pb ages. For these samples, we utilized 2°Pb/%*¢Pb ages for all analyses (see
Table S2 [text footnote 1] for further explanation). “N” indicates the number of samples
included in each group; “n” is as defined in Figure 4.

analyses). Sespe clast BW1614 is not a good match to the Troy Quartzite but
somewhat resembles the stratigraphically underlying Dripping Springs Quartz-
ite. Sespe clast BW1614, however, has a moderate proportion of Grenville-age
zircon, which is not observed in the Dripping Springs Quartzite.

Figure 6 indicates that the detrital zircon age distribution for the Gren-
ville-Picuris Sespe clasts is qualitatively similar to that of the Big Bear Group
in the San Bernardino Mountains of the eastern Transverse Ranges in south-
ern California (Barth et al., 2009). Both have strong 1.2 Ga and Picuris peaks,
along with modest numbers of Yavapai-Mazatzal grains, and similar small
percentages of 3.0-1.85 Ga grains. On the other hand, Sespe clasts tend to have
a higher abundance of 1100 Ma ages than the Big Bear Group (Fig. 6). Also
note that the Big Bear Group is metamorphosed (Barth et al., 2009) so that the
Grenville-Picuris Sespe clasts could not have been derived directly from the
current outcrops of the Big Bear Group (see also Howard, 2000). Nonetheless,
these clasts could have been eroded from a lower-grade correlative of the
Big Bear Group. Furthermore, the Big Bear Group is likely of Neoproterozoic
age and might yield shallow paleoinclination vectors, if not remagnetized.
Note also that one of the Big Bear samples includes a ca. 600 Ma age. This
seems to be a reliable detrital age; so ultimately we need to reconcile this age
with the scattering of young ages in some of the Sespe clasts and Shinumo
sample IC-1-35.

The age spectrum for the Grenville-Picuris Sespe clasts also resembles that
of quartzites within the Ontario Ridge metasedimentary complex in the east-
ern San Gabriel Mountains of southern California (Fig. 6; Zylstra, 2017). The
age and significance of the sedimentary protoliths of the Ontario Ridge rocks
are not well constrained owing to metamorphism within the upper-amphib-
olite facies, strong deformation, and intrusion by pre- and postmetamorphic
Cretaceous granitoids. Nonetheless, these rocks are considered a potential
correlative of the Big Bear Group (Zylstra, 2017). The relatively weak separation
of the Grenville, Picuris, and Yavapai-Mazatzal-age peaks in the Ontario Ridge
quartzites is likely the result of Pb loss during metamorphism.

Finally, we note some similarity in zircon age distributions between the
Grenville-Picuris Sespe clasts and the basal part (A unit) of the Neoproterozoic
Horse Thief Springs Formation of the Death Valley area (Mahon et al., 2014a,
2014b). The Horse Thief Springs Formation exhibits a distinct peak at 1050 Ma,
which potentially sets it apart from the Grenville-Picuris Sespe clasts (Fig. 6),
but which might also reflect Pb loss or analytical uncertainty. The Horse Thief
Springs Formation is also distinguished by scarce ca. 800 Ma zircon. The best
Sespe clasts were chosen specifically for comparison with the Shinumo Sand-
stone, and, by definition, exclude zircon younger than 1100 Ma that cannot
plausibly be attributed to lead loss or analytical uncertainty. Nonetheless, the
amount of 800 Ma zircon in the Horse Thief Springs Formation is just a frac-
tion of a percent, which suggests that further analysis of Sespe clasts could
reveal zircon of this age.

In summary, even based on qualitative visual comparisons (Fig. 6), the Troy
and Dripping Springs Quartzites of the Apache Group, Big Bear Group, Ontario
Ridge metasedimentary rocks, and middle to upper Shinumo Sandstone
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cannot be ruled out as potential sources for Sespe cobbles. Although each
of the units is limited in present areal extent, their occurrence across a wide
expanse of southern California and southwestern Arizona, along with their
cosmopolitan zircon suites, suggests they are remnants of (multiple) region-
al-scale sand systems. Hence, similar sequences may be present in other
ranges, but not yet recognized, or have been removed by erosion or excised
by extensional faulting, the latter of which fundamentally altered the landscape
of southeastern California and southwestern Arizona subsequent to deposition
of the Sespe Formation (Spencer and Reynolds, 1991; Jacobson et al., 2007).
Consequently, we reject the notion that the Shinumo Sandstone is the “only
plausible” source for orthoquartzite cobbles in the Sespe Formation.

Quantitative Comparison of Zircon Distributions

As noted above, the detrital zircon analyses considered here were col-
lected on multiple instruments with a range of operating conditions and
data reduction methods. These disparities indicate the need for caution
when applying statistical techniques to compare the various sample groups.
Nonetheless, quantitative comparison of probability density plots (PDPs) and
cumulative distribution functions (CDFs) is an objective way to assess the
dissimilarity between detrital age distributions, within the constraints of the
data set. Dissimilarity measures yield a range of dissimilarity values between
0 and 1, with larger numbers corresponding to more dissimilar distributions

and 0 corresponding to identical distributions. To quantitatively compare
detrital age distributions, Sabbeth et al. (2019, p. 1992) relied on p values
calculated using the K-S test to assess correspondence between age distribu-
tions. However, p values are statistical hypothesis tests that are not well suited
for quantitative comparison of detrital data because they produce too many
Type-ll errors (erroneously accepting a false null hypothesis that two samples
were drawn from the same population), which mainly stems from p-values
being highly sensitive to sample size and mixing sample size with effect size,
where the former is the number of ages in a distribution, and the latter is “the
degree to which the null hypothesis is false” (Cohen, 1977; Vermeesch, 2013); in
other words, p values will often produce the opposite result of what is actually
supported by the data. Therefore, p values are unsuitable measures of dissim-
ilarity (Vermeesch, 2013, their appendix B). We have generated dissimilarity
matrices using four relative measures of dissimilarity including Mismatch
(1—Likeness) and Nondetermination (1—Cross-correlation) for comparison
of PDPs (Amidon et al., 2005; Saylor et al., 2012; Satkoski et al., 2013), and
the K-S and Kuiper test D and V values (not p values) for comparison of CDFs
(Massey, 1951; Kuiper, 1960). All dissimilarity matrices were calculated and
are presented in Table S3 using DZstats version 2.30 for macOS (Saylor and
Sundell, 2016; www.github.com/kurtsundell/DZstats).

The results of the above analysis are presented in Figure 7. As explained
in both Figures 7 and 8, we use abbreviated sample names because of space
considerations (see Table S3 [footnote 1] for the definitions for all samples).
Figure 7 shows the pairwise dissimilarity matrix generated using Mismatch
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of PDPs (Amidon et al., 2005) for the four best Sespe clasts compared to
composite samples of the Troy, White Ledges, Dripping Springs, Shinumo,
Horse Thief Springs, Big Bear, Ontario Ridge, and Pinto Mountain units, which
have been discussed above, as well as the White Ledges Formation, Tapeats
Sandstone, Zabriskie Quartzite, and Morrison Formation, whose detrital zir-
con spectra are presented below. Results are consistent regardless of which
measure of dissimilarity is used (see color-coded tables in the Supplemental
Material). The Sespe clasts show substantial internal variability with respect
to one another, with Mismatch values ranging from 0.17 to 0.45. The three
Grenville-Picuris Sespe clasts (14LS08, 14LS09, and 14LS12, abbreviated as
SE2, SE3, and SEb, respectively, in Fig. 7) are generally self-similar, with rela-
tively low Mismatch values ranging from 0.17 to 0.21, and are also similar to
Troy, Ontario, and Big Bear units, with relatively low values ranging from 0.19
to 0.33. SE6 (BW1614) is the least similar to the other best Sespe clasts, with
Mismatch values of 0.40-0.45 and is most similar to Dripping Springs Quartzite
and Tapeats Sandstone, with Mismatch values of 0.26 and 0.31, respectively.
All of the Sespe clasts are considerably dissimilar to the Shinumo composite,
with Mismatch values ranging from 0.35 to 0.46 (Fig. 7) as well as dissimilar to
all of the individual Shinumo samples, with Mismatch values ranging from 0.32

and 0.84 and with a mean of 0.55 + 0.15 (10) (see Table S3 of the Supplemental
Material [footnote 1] for further quantitative comparison of individual samples
and composite samples using each measure of dissimilarity). In summary of
Figure 7, none of the four most Shinumo-like Sespe clasts, nor the composite,
has Shinumo Sandstone as the statistically most likely source.

Measures of dissimilarity can be visualized spatially using multi-dimensional
scaling (MDS) (Vermeesch, 2013), which facilitates comparison of detrital age
distributions by producing a Cartesian plot in N dimensions (usually 2 or 3)
through conversion of intersample dissimilarity to disparity via linear trans-
formation and iterative reengagement in Cartesian space. Multi-dimensional
scaling seeks to minimize the misfit between distance and disparity (stress). Low
stress (e.g., ~0.1) indicates a reasonable transformation. Although MDS was
originally adapted for detrital data by Vermeesch (2013), here we use DZmds
(Saylor et al., 2018; github.com/kurtsundell/DZmds) because it implements all of
the dissimilarity measures discussed above. We use two-dimensional (2D) MDS
to facilitate the visualization and interpretation of inter-sample dissimilarity.

Figure 8 shows that most individual sample sets tend to cluster around
their respective composites, indicating they are distinct populations, with
the only exception being the Sespe clasts. The four best Sespe clasts show
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internal variability by plotting in varying locations in MDS space. As alluded
to above, Sespe samples SE2 (14LS08), SE3 (14LS09), and SE5 (14LS12) are
most similar (closest together in MDS space) to composite samples and
most individual samples of Troy Quartzite, Ontario Ridge rocks, and Big Bear
Group, whereas Sespe sample SE6 (BW1614) is most similar to Dripping
Springs Quartzite and Tapeats Sandstone (Fig. 8). The unimodal Sespe clasts
SE10 (BW1809), SE11 (16LS19), and SE12 (16LS20) are most similar (smallest
distance on the MDS plot) to White Ledges Formation and Pinto Mountain
Group. None of the best Sespe clasts show similarity in MDS space to any
of the individual Shinumo samples nor to the composite Shinumo sample.
In fact, the individual Sespe clasts show more internal variability than any
other group by plotting over the most variable range in MDS space. This vari-
ability points to likely derivation of the Sespe clasts from multiple sources,
including the four best Sespe clasts, which have a minimum of two different
sources based on MDS, neither of which is likely to be Shinumo Sandstone
(Fig. 8). Multi-dimensional scaling plots generated using alternate metrics
show similar results, as presented in Table S3 of the Supplemental Material
(footnote 1). In summary of Figure 8, MDS using Mismatch suggests, within
the limits of our data set, that Sespe clasts were likely derived from various
sources, and Shinumo Sandstone is an unlikely source for even the four best
(most Shinumo-like) Sespe clasts.

Unimodal Sespe Clasts

Our prior discussion focused on those Sespe clasts that most closely match
the Shinumo Sandstone. We here consider sources for the remainder of the
clasts, beginning with the three samples with a near-unimodal Paleoprotero-
zoic age distribution (Fig. 4; samples BW1809, 16LS19, and 16LS20). Two of
the three samples include a total of three 2°°Pb/?8U ages younger than 400 Ma,
although two of these are highly discordant. For the purposes of discussion,
we discount these three ages and assume that the unimodal Sespe clasts may
have a Paleoproterozoic (or early Mesoproterozoic) depositional age. A com-
posite probability plot for the three samples (Fig. 9), combined with Mismatch
values of Figure 7, provides permissive matches with both the Pinto Mountain
Group (Mismatch value of 0.21) of the Transverse Ranges (Barth et al., 2009)
and the White Ledges Formation (Mismatch value of 0.30) of central Arizona
(Doe et al., 2012). The Shinumo Sandstone, with its distinct 1.4 and 1.2 Ga
peaks, has a Mismatch value of 0.56 with the unimodal Sespe clast composite
and is a much less likely source.

Sespe Clasts Potentially Derived from Cambrian Strata
Figure 10 examines permissive source-region matches for Sespe clast

BW4609, which has a Grenville-age peak at ca. 1050 Ma and hence is too young
to be derived from the >1100 Ma Shinumo Sandstone (we consider this distinct

10 \ \ \ 7
Unimodal Sespe clasts (n=222/223) _/_/—"‘
> 0.8 Pinto Mtn Group (n=102/105)
= White Ledges Fm (n=110/113) /|
Fe}
3
o 0.6
o
]
=
% 0.4+
=]
£
O 0.24
T 0.0
Unimodal Sespe clasts
=
3
-g A
[ Pinto Mtn Group
s L
[
= A
‘T‘: White Ledges Fm
14
0 500 1000 1500 2000 2500 3000

Age (Ma)

Figure 9. Comparison of the three Sespe clasts with dominantly unimodal spectra with
the latest Paleoproterozoic—early Mesoproterozoic Pinto Mountain Group of the Transverse
Ranges and White Ledges Formation of central Arizona. Note similar 1.8-1.7 Ga peaks and
similar percentages of pre-1.8 Ga grains in all three. “N” and “n” as in previous figures.

peak to be more significant than the 1.1-1.0 tails on the Grenville-Picuris Sespe
clasts). Further, BW4609 has essentially no 1200 Ma grains and a Mismatch
value of 0.45 with the Shinumo Sandstone. Cambrian Tapeats Sandstone from
Gehrels et al. (2011; their Tapeats 2) is the closer match (Mismatch of 0.43) to
BW4609 in terms of the Grenville-age peak, but lacks significant pre-2000 Ma
zircon. The Cambrian Zabriskie Quartzite, a miogeoclinal equivalent of the
cratonal Tapeats Sandstone, also shows some similarities with Sespe clast
BW4609 (Mismatch value of 0.31), including similar abundance of pre-2000 Ma
ages. However, the Grenville-age peak in the Zabriskie Quartzite, at 1100 Ma, is
older than that in the Sespe clast. The upper (E and F units) and lower (A unit)
of the Neoproterozoic Horse Thief Springs Formation are also somewhat sim-
ilar to Sespe clast BW4609 but have more grains in the 2100-1850 Ma range
and a generally older Grenville-age component; the Mismatch value of 0.44
between BW4609 and Horse Thief Springs Formation suggests this is a less
likely match than the Zabriskie Cambrian sample.

Figure 11 compares sample BW4809 with the composite spectrum for three
samples of Tapeats Sandstone, one each from the Las Vegas Area, Grand
Canyon, and central Arizona (Matthews et al., 2018; Karlstrom et al., 2018).
The Sespe clast has a somewhat younger Paleoproterozoic peak of 1620 Ma
compared to the Tapeats (>1680 Ma) and its Mismatch value is 0.37, but its
ca. 500 Ma peak, defined by six grains, provides a compelling argument for
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Figure 10. Comparison of Sespe clast BW4609 to potential sources. Zabriskie Quartzite or
Tapeats Sandstone are reasonable matches except that the Grenville-age peak in these
units is somewhat older than that in the Sespe clast. Note the absence of ca. 500 Ma
zircon from the sample of Tapeats Sandstone shown here (from Gehrels et al., 2011) in
contrast to the Tapeats samples plotted in Figure 11. “N” and “n” as in previous figures.

derivation from the Tapeats Sandstone, as this is not a common age in the
Southwest. The ca. 500 Ma grains in BW4809 are unlikely to be “allochthonous”
given that no other young grains are present.

B GRAND WASH TROUGH

An additional test for the proposed Shinumo-Sespe drainage connection
would be to find clasts and/or detrital zircon from the inner Grand Canyon
along the proposed Eocene or Miocene pathway of the hypothetical “Arizona
River” (Fig. 12). This test has already been performed as part of continued
examination of the “Muddy Creek constraint” As initially noted by Blackwelder
(1934) and Longwell (1946), the “Muddy Creek constraint” is that sediments
from Grand Wash trough, where the Colorado River exits the Grand Canyon
at its west end, contain no far-traveled river deposits or sediment sourced
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Figure 11. Comparison of Sespe clast BW4809 with a composite of three samples of
Tapeats Sandstone from Frenchman Mountain of southern Nevada, Grand Canyon, and
the central Arizona highlands (Karlstrom et al., 2018). The ca. 500 Ma peak in both the
Sespe clast and Tapeats Sandstone is notable, as zircon of this age is uncommon in sed-
imentary sequences of the Southwest, including other parts of the Tapeats Sandstone
(e.g., Dickinson and Gehrels, 2008b; Gehrels et al., 2011; Karlstrom et al., 2018). “N” and
“n” as in previous figures.

from the Colorado Plateau. Instead, as shown in Figure 12, this area was an
internally drained basin prior to 6 Ma (Lucchitta, 1966, 1972, 2013; Crossey
etal., 2015; Lamb et al., 2018). The late Paleocene—early Eocene (ca. 65-55 Ma)
Music Mountain Formation (Young and Hartman, 2014), Oligocene-early Mio-
cene (34-18 Ma) Buck and Doe Conglomerate (Young and Crow, 2014), and
25-17 Ma Rainbow Gardens Formation (Beard, 1996) and its correlative Jean
Conglomerate (Beard, 1996; Lamb et al., 2018) were locally derived from the
Kingman Uplift just tens of km to the south. Generally northeastward flow of
34-18 Ma paleorivers, 20-16 Ma basalt, and the 18.8 Peach Spring Tuff is oppo-
site the proposed southward flow direction of the “Arizona River,” in conflict
with the Eocene or Miocene Shinumo-Sespe connection.

An additional argument (Fig. 13) follows the reasoning that if Shinumo
detritus reached the Sespe delta at any time prior to 6 Ma, then there should
be other diagnostic detritus from along the flow path, including zircon from
other rocks in Grand Canyon and Grand Wash trough basins. Spectra repre-
senting the detrital grains that would have been contributed along this path,
arranged downstream along the proposed “Arizona River,” would be the Vishnu
Schist, Unkar Group, Paleozoic strata, and (for the Miocene part of the Sespe
Formation) the Rainbow Gardens Formation. The Rainbow Gardens Formation
has peaks at 1.7 and 1.1 Ga, little 1.4 Ga detritus, and a syn-depositional peak
at 23-20 Ma. It is interpreted to have been derived from nearby exposures of
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from Mackey et al. (2012) overlain on 30 m digital elevation model; north is up. Note that geology is not corrected for extension. (A) At ca. 50 Ma, the Music Mountain Formation
paleoriver flowed northerly off the Kingman uplift and across the modern Grand Canyon, and the modern surface was 75-100 °C (depths of 2-3 km) based on thermochronology
(Fitzgerald and Malusa, 2019, p. 183); both characteristics falsify the proposed south-flowing “Arizona River” (red dashed line). (B) At ca. 20 Ma, both paleoriver deposits and volcanic
flows (24-16 Ma) continued to flow north, opposite to the proposed S-flowing “Arizona River” drainage. Note that the 18.8 Ma Peach Spring was widely distributed directly across
the path of the “Arizona River.” Red arrows show the location of the proposed Wheeler Ridge “paleocanyon” (Wernicke, 2011); this gap contains no paleo-Colorado River deposits
and is interpreted here to be a structural gap formed during 17 Ma extension. Ages of Laramide plutons as reported in Beard and Faulds (2011) sourced from Lang and Titley (1998),
Miller et al. (1997), Bouse et al. (1999), Brady et al. (2000), Faulds et al. (2001), Young (2001), Kapp et al. (2002), and Chapman et al. (2018).

Precambrian, upper Paleozoic, and lower Mesozoic strata in fault blocks adja-
cent to Grand Wash trough, with the notable addition of volcanic detritus from
the Caliente volcanic field (ca. 28-19 Ma) to the north, but with no significant
input from the paleo-Colorado River from the east (Lamb et al., 2018). The
25-15 Ma detritus in Grand Wash trough does not contain >2.0 Ga grains as
found in the Shinumo Sandstone or Vishnu Schist, nor the full range of Paleo-
zoic detritus from the walls of Grand Canyon, all of which would have been
exposed if the canyon was cut to within a few hundred meters of its modern
depth. Sespe Formation detrital zircon spectra also are missing several age
modes from along the proposed “Arizona River” flow path: pre-1.8 Ga grains,
latest Neoproterozoic (Gondwanan), Paleozoic (Appalachian), and 25-17 Ma
Rainbow Gardens Formation detritus. Pre-Sespe Eocene strata throughout
southern California similarly lack any significant detritus that would signal a
source from Grand Canyon (Jacobson et al., 2011; Ingersoll et al., 2013).

An additional aspect of the Miocene “Arizona River” hypothesis is a pro-
posed Miocene “paleocanyon” on Wheeler Ridge in Grand Wash trough (red

arrows in Fig. 12B), which is posited to have “calved off” of Grand Wash Cliffs
during 17 Ma faulting on the Grand Wash fault (Wernicke, 2011). This break in
Wheeler Ridge is onlapped by 15 Ma ash beds (Wallace et al., 2005) draping
topography and may represent a subsidiary fault in the hangingwall of the
Grand Wash fault. But there is no evidence for Colorado River or Colorado
Plateau—derived deposits in this gap. This absence precludes using this feature
as evidence for a 20 Ma paleo—-Grand Canyon.

Il CONNECTION TO THE COLORADO PLATEAU

Sabbeth et al. (2019) argued that their sample 14LS11, which includes zircon
as young as 153 Ma (Fig. 14), is similar to the Upper Jurassic Morrison Forma-
tion, and hence implies a Colorado Plateau source for the Sespe Formation,
compatible with the “Arizona River” hypothesis. Their argument is based on a
comparison with two samples of the Westwater Canyon Member of the Morrison

Karlstrom et al. | Shinumo-Sespe drainage connection
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Figure 13. lllustration that if the Sespe Formation includes clasts derived from
Shinumo Sandstone, then it should also include zircon populations found in the
Proterozoic basement and Phanerozoic strata of Grand Canyon. This is not the
case, as indicated by the scarcity of Archean, 2000-1800 Ma, 1100 Ma, latest Pro-
terozoic (Gondwanan), and Paleozoic (Appalachian) zircon in both Eocene and
Oligocene-Miocene parts of the Sespe Formation. Rather, the ages and proportions
of pre-arc zircon in the Sespe Formation are typical of Cretaceous to Paleogene
strata in southern California that are inferred to have been derived from sources
in southern California, southwestern Arizona, and/or northwestern Sonora (Ja-
cobson et al., 2011; Ingersoll, et al., 2013, 2018; Sharman et al., 2015). Similarly,
the Rainbow Gardens Formation of the Grand Wash Trough, which lies along the
course of the modern Colorado River, shows no obvious evidence of sediment
contribution from the Devonian and older rocks exposed in the deeper parts of
Grand Canyon. Note age-axis scale break at 300 Ma. For the probability density
plot (PDP) panels, the vertical scales also differ to the left and right of the scale
break, such that equal area represents equal probability throughout graph. “N”
and “n” as in previous figures.
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Figure 14. Sample 14LS11 has a maximum depositional age (MIDA) of ca. 150 Ma, as-
suming the ages <500 Ma are not allochthonous. Sabbeth et al. (2019) concluded that
this clast was derived from the Westwater Canyon Member of the Morrison Formation.
Although not explicitly addressed by Sabbeth et al. (2019), we here also consider Sespe
clast BW1609, which has a similar young apparent MDA. Both Sespe clasts have similar
pre-arc age distributions as two samples of the Westwater Canyon member (CP13 and
CP21) analyzed by Dickinson and Gehrels (2008a), but much lower proportions of arc-
derived zircon, such that a correlation between the Sespe clasts and Morrison Formation
is not compelling. Quartz arenite of Late Jurassic to Early Cretaceous age is exposed in
several areas in southern California and southwestern Arizona. One example is the McCoy
Mountains Formation (Barth et al., 2004; Spencer et al., 2011), but as with the Morrison
Formation, the abundance of arc-derived zircon is much higher than in the Sespe clasts.
Note that the above comparisons are constrained by only 39 and 57 dated zircon grains,
respectively, from the two Sespe clasts.
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Formation (CP13 and CP21; Dickinson and Gehrels, 2008a, 2008b). Sabbeth et al.
(2019) said (p. 1991): “Similar to the Morrison, LS1114 [this sample also reported
as 14LS11] has a moderate paleomagnetic inclination, scarcity of grains between
0.5 and 1 Ga in its detrital zircon spectrum, and is a well-indurated, light pink-
ish-gray, medium- to coarse-grained orthoquartzite. Although the Mesozoic peak
in the Sespe spectrum is not as prominent as in the two Morrison spectra, the
ratio of Mesozoic to Proterozoic grains is more similar between LS1114 and CP21,
from the Morrison, than it is between the two Morrison samples.”

This inference is problematic for several reasons. First, much of the Westwa-
ter Canyon sandstones are subarkosic (Cadigan, 1967). Furthermore, much of
the Morrison Formation had been removed by erosion prior to deposition of the
lower Upper Cretaceous Dakota Formation in the region of the proposed 20 Ma
drainage such that any Morrison detritus would have had to come from the
Four Corners region (Fig. 1; Dickinson, 2013, p. 10; Dickinson, 2018, his figures
93 and 94). In addition, whereas Sespe sample 14LS11 is broadly similar to Mor-
rison samples CP13 and CP21 with respect to pre-Mesozoic age distributions
(Fig. 14), the association of the Grenville, Picuris, and Yavapai-Mazatzal-age
zircon is not particularly diagnostic (e.g., Gehrels and Pecha, 2014; Schwartz
etal., 2019). The 1.2 Ga peak in sample 14LS11, based on only 39 total analyses
for the entire sample, is not clearly diagnostic of the Morrison Formation. Most
importantly, sample 14LS11 lacks the high percentage of Mesozoic arc-derived
zircon that characterizes the Westwater Canyon Member of the Morrison For-
mation and other potential Triassic—Jurassic sources (Schwartz et al., 2019).
The high Mismatch value of 0.59 between clast 14LS11 and the Morrison For-
mation (Fig. 7) challenges the notion that they are correlative.

We also compare sample 14LS11 to orthoquartzite in the basal part of the
Upper Jurassic-Cretaceous McCoy Mountains Formation of southern Califor-
nia and southwestern Arizona (Barth et al., 2004; Spencer et al., 2011), which
is exposed within the inferred catchment area of the Sespe drainage system
(Fig. 1; Howard, 2000). As with Morrison samples CP13 and CP21, the basal
McCoy includes substantially more arc-derived zircon than is found in sam-
ple 14LS11 (Fig. 14). In addition, the Grenville-age zircon in the basal McCoy
Mountains Formation has a peak at ca. 1.1 Ga rather than 1.2 Ga. Upper Juras-
sic-Lower Cretaceous quartzose strata occur elsewhere in southern California,
southwestern Arizona, and northwestern Sonora, Mexico, but are likewise
enriched in Triassic-Jurassic arc detritus and/or ca. 600 Ma (Gondwanan)
and 400 Ma (Appalachian) zircon typical of the Jurassic eolian deposits of the
Colorado Plateau (Reis, 2009; Mauel et al., 2011; Peryam et al., 2012) and com-
prise poor matches to sample 14LS11. A source for clast 14LS11 thus remains
unclear, assuming that the Phanerozoic ages are part of the detrital assemblage.
Interestingly, the pre-arc zircon fraction in sample 14LS11 is similar to that in
Sespe clast BW1609 (Fig. 14). Sample BW1609 likewise also includes Meso-
zoic ages, but in this case Sabbeth et al. (2019, p. 1991) interpreted the young
ages as allochthonous. Perhaps they are also allochthonous in 14LS11. If so,
14LS11 could have been derived from one of the Neoproterozoic to Cambrian
sequences discussed above (e.g., Fig. 10). Considering the above complexities,
we conclude that the Sabbeth et al. (2019) extraordinary claim that pebbles

from Sespe can be traced to a Colorado Plateau source region to support the
“Arizona River” hypothesis is unconvincing.

B SUMMARY OF PROVENANCE EVIDENCE

In summary, the combined detrital zircon data from Sespe clasts and poten-
tial sources indicate the clasts were derived from more than one source, and
there is no definitive match for the source of any individual Sespe clast. The
most Shinumo-like clasts are more similar to Big Bear Group (Mismatch of 0.21)
or Ontario Ridge metasedimentary rocks (Mismatch of 0.23) of the Transverse
Ranges, and/or Troy Quartzite (Mismatch of 0.33) of central Arizona than the
Shinumo Sandstone of Grand Canyon (Mismatch of 0.35). Unimodal spec-
tra most closely resemble Pinto Mountain Quartzite (Mismatch of 0.21) and
White Ledges Quartzite (Mismatch of 0.30) of these same regions rather than
Shinumo (Mismatch of 0.56). The multiple sources are compatible with the
conclusions of Howard (1996, 2000) and Ingersoll et al. (2018), to which we
add probable Transverse Ranges sources. The potential Mesozoic clasts do
not strongly resemble the Morrison Formation of the Colorado Plateau. Over-
all, the detrital zircon data from a more complete range of possible sources
falsify the Sabbeth et al. (2019) assertion that Shinumo Sandstone is the only
“plausible” source for Sespe orthoquartzite cobbles. Thus, the data also do
not support the proposed Arizona River drainage connection between the
Colorado Plateau and Sespe delta between 50 and 6 Ma.

B REAPPRAISAL OF THERMOCHRONOLOGIC DATA ON INCISION
HISTORY OF GRAND CANYON

This section addresses the persistent assertions by Sabbeth et al. (2019,
p. 1995) that: “... Upper Granite Gorge of the eastern Grand Canyon had
been eroded to within a few hundred meters of its current depth by early
Miocene time ca. 20 Ma (p. 1995).... as independently confirmed by (U-Th)/
He thermochronology” and “...western Grand Canyon was carved to within
a few hundred meters of its current depth no later than 20 Ma, and perhaps
as early as Late Cretaceous/Paleocene time, based on thermochronological
evidence (e.g., Flowers et al., 2008; Wernicke, 2011; Flowers and Farley, 2012)"
More than a decade of work and multiple thermochronometric methods have
now been applied to constrain time-temperature (t-T) paths in both eastern
and western Grand Canyon. Such cooling data can model a grain’s journey
toward Earth’s surface due to erosional exhumation of overlying strata to help
visualize past, now-eroded, landscapes and the timing of carving of Grand
Canyon. To help clarify the somewhat confusing past literature, Table 1 cites
and summarizes prior thermochronologic studies. Figure 15 shows published
t-T models that have led to alternative canyon carving histories. The questions
addressed below, for eastern then western Grand Canyon, respectively, are:
(1) when was eastern Grand Canyon cut deep enough to expose the Shinumo
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TABLE 1. SUMMARY OF GRAND CANYON THERMOCHRONOLOGIC INTERPRETATIONS

Reference and Fig. 15 t-T path

Eastern Grand Canyon

Western Grand Canyon

Comments and future directions

Kelley et al. (2001)
C,D G

Flowers et al. (2008)
B

Wernicke (2010)

Flowers and Farley (2012)
B, E

Lee et al. (2013)
C,D

Flowers and Farley (2013)
E

Karlstrom et al. (2014)
C,D

Fox and Shuster (2014)
E

Fox et al. (2017)
F

“...cooled during early Laramide deformation to temperatures of
about 55 to 65 °C, ... remained at these temperatures until 5
to 15 Ma” (p. 37)

“Similar Early through mid-Tertiary temperatures in samples
now separated by as much as 1500 m in both elevation and
stratigraphic position imply that a kilometer-scale proto—Grand
Canyon was carved in post-Paleozoic sediments during Early
Tertiary time in the Upper Granite Gorge region.” (p. 581)

"Thus, rim and gorge samples ... that were at much different
temperatures prior to 80 Ma, converged in temperature and
accordingly had a common depth and thermal history after
70 Ma. ... creating a canyon of roughly the same depth as the
modern one, cut in younger strata now eroded away” (p. 1295)

“This history supports a model (Wernicke, 2011) in which much
of the Grand Canyon was carved by an ancient Cretaceous
river” (p. 1618), [but cf.] “This history is compatible with the
suggestion that incision of much of the eastern half of the
canyon occurred after 6 Ma” (p. 1617)

“The new data suggest that the early Cenozoic landscape in
eastern Grand Canyon was low in relief and does not indicate
the presence of an early Cenozoic precursor to the modern
Grand Canyon. However, there is evidence for the incision of
a smaller-scale canyon across the Kaibab Uplift at 28—20 Ma.
In contrast, just upstream in the area of Lee’s Ferry, ~2 km of
Mesozoic strata remained over the middle Cenozoic and were
removed after 10 Ma.” (p. 216)

... similar temperatures from Late Cretaceous through mid-
Tertiary time, compatible with the presence of a substantial
eastern paleocanyon as proposed in Flowers et al. (2008).”
(p. 143-c)

“The 90-70 °C constraints indicate that rocks currently at river
level were 1.8-4 km deep from 60 to 25 Ma and ... not carved
to near modern depths by 70-55 Ma... rim and river cooling
paths converge by ~20 Ma despite their 1.5 km difference
in elevation. This provides evidence that a ~1.5 km-deep
palaeocanyon was carved 25-15 Ma, which we call the East
Kaibab palaeocanyon.” (p. 240)

No data

No data

‘AFT data in western Grand Canyon record rapid Laramide
cooling to temperatures <50 °C.” (p. 37)

“The single phase cooling history of the Lower Granite Gorge
contrasts with the multiphase cooling history of the Upper
Granite Gorge.” (p. 578) “Cooling of the Kaibab surface below
45 °C occurred prior to 60 Ma in the western Grand Canyon”
(p. 581)

“Given an apparent upper limit of 35 °C for the temperature
of western Grand Canyon basement in the Diamond Creek
area since 70 Ma,” (p. 1303); “incision of a large canyon from
a plain of low elevation and relief to a canyon of roughly the
length and depth of modern Grand Canyon occurred primarily
in Campanian time (80-70 Ma).” (p. 1288)

... data for the western Grand Canyon provide evidence that
it was excavated to within a few hundred meters of modern
depths by ~70 Ma” (p. 1616)

‘A robust AFT age of 62.8 + 4.0 Ma for sample 01GC86 (river
mile 243) with relatively long mean track lengths of 13.0
+ 0.4 pm coupled with 29.2-72.3 Ma AHe ages on low
eU (11-17) grains constrain an episode of rapid cooling
ca. 65-75 Ma, and residence at temperatures of ~50 °C
through most of Cenozoic time.” (p. 222)

“all statistically acceptable paths requiring cooling to
temperatures <30°C by ~70 Ma.” (p. 143)

‘AFT track length data (12.1 -13.0 ym) require that some of
the rocks resided in the >60 °C AFT partial annealing zone,
and AHe age-effective uranium concentration correlation
also constrain higher temperatures of ~60 °C and, hence,
1.4-2.5 km burial depths.... this suggests that Westernmost
Grand Canyon was not cut to near-modern depths until after
6 Ma.” (p. 242)

“The possibility of incomplete annealing resolves the apparent
conflicting time-temperature paths inferred over the last
70 Ma, although it requires temperatures during burial that
are lower than predicted by apatite fission track data.” (p. 174)

“New data from westernmost Grand Canyon support a “young”
Canyon model where rocks cooled from 80 to 50 °C in the
Laramide, resided at about 50 °C, then cooled to near surface
temperatures in the last 6 Ma” (p. 255)

Western samples are from an uplifted Laramide block and
do not necessarily record river incision; different cooling
histories across faults need additional attention, especially for
Hurricane fault.

South to north cooling was documented (due to cliff retreat), as
was a potential mid-Tertiary paleocanyon across the Kaibab
uplift. The interpretation that rim and river samples in eastern
Grand Canyon were at similar temperatures in the Early
Tertiary (hence a Laramide paleocanyon existed) is arguable
depending on which t-T models are used (see below).

The conclusion of this paper that: “Colorado River did not play
a significant role in excavating Grand Canyon.” (p. 1312) was
provocative and has motivated a continuing debate on the
age, location, and geometry of prior paleocanyons. However,
post-5 Ma carving of most of Grand Canyon by the Colorado
River is supported by incision studies and geomorphic modeling.

Thermal histories were forced through 110° to 120°C peak
temperatures at 80 to 85 Ma in E vs. 80 to 100 Ma in W,
which was assumed to have resulted in complete annealing of
apatite fission tracks at this time. This was a key unsupported
assumption addressed by Fox and Shuster (2014).

Lee et al. (2013) had two age-elevation transects, one in the
main canyon corridor and one near Tapeats Creek; these help
define the length of the East Kaibab paleocanyon. Additional
and more detailed age-elevation transects are needed to
further resolve t-T paths for the Kaibab uplift and for the depth
of the proposed East Kaibab paleocanyon along its length.
Age-elevation transects in Mesozoic rocks near Lees Ferry are
also needed.

Additional “He/*He data are needed and should be modeled as
separate samples rather than groups of samples to distinguish
any differences across faults and folds and to evaluate the
possibility of ragged cliff retreat.

...palaeocanyon solution for carving Grand Canyon suggests
that the 5-6 Ma Colorado River became integrated through two
young (<6 Ma) segments (Marble Canyon and westernmost
Grand Canyon), one 25-15 Ma segment (Eastern Grand
Canyon), and a >50 Ma Hurricane segment...all segments
were widened and Grand Canyon was deepened during
semi-steady river incision over the past 4 Ma at rates of 100-
200 m/Ma” (p. 243)

“If the annealing of alpha recoil damage and its effect on “He
diffusivity in apatite is decoupled from existing models of
fission track annealing, coexisting datasets for individual
samples may be found to be more compatible with one
another”” (p. 182)

... limitation in quantifying radiation damage (and hence crystal
retentivity) introduces non-uniqueness to interpreting time—
temperature paths in rocks that resided in the apatite helium
partial retention zone for long durations. Another source of
non-uniqueness is due to unknown U and Th distributions
within crystals.” (p. 248)
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TABLE 1. SUMMARY OF GRAND CANYON THERMOCHRONOLOGIC INTERPRETATIONS (continued)

Reference and Fig. 15 t-T path

Eastern Grand Canyon

Western Grand Canyon

Comments and future directions

Winn et al. (2017)
F G

Karlstrom et al. (2017)

Fitzgerald and Malusa (2019)

Winn (2019)
C,D

Sabbeth et al. (2019)

No data

“Differential Laramide cooling [in the Little Colorado River (LCR)
valley] suggests carving of 70-30 Ma paleotopography by
N- and E-flowing rivers whose pathways were partly controlled
by strike valleys at the base of retreating Cretaceous cliffs. A
second pulse of denudation is documented by apatite (U-Th)/
He dates and thermal history models that indicate a broad
LCR paleovalley was incised 25—-15 Ma by an LCR paleoriver
that flowed northwest and carved an East Kaibab paleovalley
across the Kaibab uplift.” (p. 49)

No data

“Temperature interpolations on the Kaibab datum show that
the south rim of this [East Kaibab] paleocanyon had been
stripped of much of the Cretaceous and some Jurassic strata
by 20 Ma, but the north Rim and the Kaibab uplift were at >50
°C until 10 Ma and still had Jurassic rocks above them.” (p. 63)

[The Shinumo-Sespe connection] “is independently confirmed
by (U-Th)/He thermochronology.” (p. 1973)

... “thermochronologic data ....are reconciled via the integration
of three methods of analysis on the same sample: AHe,
“He/*He, and AFT; ...t—T paths show cooling from ~100 °C to
40-60 °C in the Laramide (70-50 Ma), long-term residence at
40-60 °C in the mid-Tertiary (50—10 Ma), and cooling to near-
surface temperatures after 10 Ma, and thus support young
incision of the westernmost Grand Canyon.” (p. 257)

No data

‘AFT and track-length data from basement several-hundred
meters below the Cambrian unconformity in the Grand Wash
trough were at 80-100 °C until rapid cooling about 17 Ma”
(p. 183)

“... a40-140 °C Laramide (90-70 Ma) constraint box that
allows the data to estimate the amount and timing of late
Cretaceous maximum burial reheating. This approach allows
for the build-up of radiation damage in crystals” (p. 54)

“western Grand Canyon was carved to within a few hundred
meters of its current depth no later than 20 Ma, and perhaps
as early as Late Cretaceous/Paleocene time based on

[To reconcile conflicting data]

“we adjusted model parameters and uncertainties to account for
uncertainty in the rate of radiation damage annealing in these
apatites during sedimentary burial and the resulting variations
in He retentivity.” (p. 257)

‘A geologic hypothesis capable of explaining different t-T paths
in these locations involves ragged cliff retreat of the Kaibab
escarpment” (p. 270)

In addition to the progressive cooling by NE cliff retreat, a
pulse of denudation is recorded ... near river level in the LCR
valley; these [samples] remained >60 °C from 50 to 25 Ma,
corresponding to preservation of 1-2 km of Mesozoic strata
that still covered these rocks until ca. 25 Ma.” (p. 62). Additional
thermochronology at the LCR confluence in an age-elevation
transect would help test the depth of the proposed East Kaibab
paleocanyon.

Wernicke (2011) compared thermal histories of rocks just below
the Great Unconformity in Grand Canyon and the Gold Butte
block; both he and Flowers and Farley (2012) assumed a
higher peak Laramide burial temperature (110—120 °C) than
Fitzgerald and Malusa (2019) did (80-100 °C).

“cooling caused by erosional denudation .. took place 70-50 Ma;
~20 Ma, and <6 Ma .... These are also times of known
paleorivers, geologically recorded erosion, and significant
tectonic events...we conclude that episodes of uplift, base level
fall, and river incision drove cliff retreat pulses.” (p. 61)

No new thermochronology was presented; they did not discuss
or reconcile contradictions between the interpretation of
Flowers and Farley versus the t-T models published in the

thermochronologic evidence” (p. 1995)

post-2013 literature.

Abbreviations: LCR—Little Colorado River; t-T—time-temperature.

GEOSPHERE | Volume 16 | Number 6

Sandstone; and (2) when did a paleocanyon pathway exist at that depth that
could have transported Shinumo Sandstone to the Sespe delta? The overall
goal of this section is to outline the limits of the resolving power of existing
thermochronology and suggest future next steps.

Eastern Grand Canyon

Flowers et al. (2008, p. 581) proposed that: “Similar Early through mid-Tertiary
temperatures in samples now separated by as much as 1500 m in both ele-
vation and stratigraphic position imply that a kilometer-scale proto-Grand
Canyon was carved in post-Paleozoic sediments during Early Tertiary time in
the Upper Granite Gorge region.” This concept of an old Grand Canyon was
applied to both 70 Ma and 55 Ma timeframes by Wernicke (2011), and his model
was explicitly supported by Flowers and Farley (2012, 2013).

For eastern Grand Canyon, there is a general agreement of data and models
with respect to t-T paths of upper Granite Gorge river—level rocks. Figure 15B
shows a two-stage cooling path (Flowers and Farley, 2013) in a best-fit forward
model derived from their “He/*He data from four samples from the upper Granite
Gorge. Basement rocks cooled from 100 to 60 °C in the Laramide, then resided
at ~60 °C from 60 to 25 Ma. In Figure 15C, the Lee et al. (2013) weighted-mean
paths based on combined apatite fission track (AFT) and He apatite (AHe) for
the same area of the upper Granite Gorge suggest that rocks resided at ~80 °C.
In Figure 15C, Marble Canyon AFT plus AHe weighted-mean paths suggest
rocks were >110 °C until after 40 Ma (Kelley et al., 2001; Karlstrom et al., 2014;
Winn, 2019). All data sets show that river-level rocks in eastern Grand Canyon
were >60 °C, hence were >1.8 km deep (and still hotter in Marble Canyon)
until after 20 Ma. Thus, these results are inconsistent with the hypotheses of a
paleo-Grand Canyon between ca. 70 or 50 Ma that was carved to within a few
hundred meters of its modern depths at these eastern Grand Canyon locations.

Karlstrom et al. | Shinumo-Sespe drainage connection
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Figure 15. (A) Paleocanyon solution for the age of Grand Canyon sug-
gests different segments of Grand Canyon (purple letters) have different
ages and cooling histories. Blue colors are older paleocanyon segments
of Karlstrom et al. (2014). Lines A and B are locations of cross-section
lines in Figure 16. (B) Flowers et al. (2008, 2009) and Flowers and Far-
ley (2012, 2013) interpretation that rim and river-level samples were at
similar temperature since Late Cretaceous supporting the old Grand
Canyon of Wernicke (2011). (C) Lee et al. (2013), Karlstrom et al. (2014),
and Winn (2019) models suggest North and South Rim samples were
~30 °C cooler (red arrow) than river-level samples until 20 Ma when East
Kaibab paleocanyon was carved across the Kaibab uplift, arguing against
a 70 or 50 Ma Grand Canyon. (D) Apatite fission-track (AFT) data of Lee
et al. (2013), Karlstrom et al. (2014), and Winn (2019) suggest Marble
Canyon samples (M) were >110 °C until after 40 Ma, and North Rim
samples were ~30 °C cooler (red arrow), arguing against a 70 or 50 Ma
Grand Canyon. (E) Flowers and Farley (2012) *He/*He data from Separa-
tion Canyon are compatible with alternative models with the difference
being the Laramide constraint box (in red) imposed by Flowers and
Farley (2012). (F) Precise *He/*He data of Fox et al. (2017) and Winn et al.
(2017) are best predicted by time-temperature (t-T) models compatible
with a young westernmost Grand Canyon. (G) AFT data from Diamond
Creek suggest that the Hurricane segment was partially carved by an
older N-flowing paleoriver. S—Separation Canyon; D—Diamond Creek.
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However, testing whether paleocanyons may have existed “in the air,” i.e.,
in now-eroded Mesozoic rocks above eastern Grand Canyon, involves compar-
ing rim and river-level t-T paths. Since the past thermal field would have been
influenced by km-scale paleocanyon topography, comparative thermochronol-
ogy of rocks at different modern elevations provides a test. Rocks at different
elevations are predicted to be at comparable temperatures if the thermal field
was strongly perturbed by paleotopography (Braun, 2003). Constraints from
thermochronology in Figure 15B led Flowers and Farley (2012, 2013) to con-
clude that rim and river-level rocks were about the same temperature since the
late Cretaceous and therefore that an old paleo-Grand Canyon existed since
that time. In contrast, models in Figure 15C (Lee at al., 2013; Karlstrom et al.,
2014; Winn, 2019) show rim samples were ~30-35 °C cooler than river-level
samples, suggesting no paleocanyon existed until after 20 Ma. In the Figure
15C models, rim and river-level samples come to similar temperature 25-15 Ma
leading to models for carving of an east Kaibab paleocanyon across the Kaibab
uplift at this time (blue pathway of Fig. 15A; Karlstrom et al., 2014). Figure 15D
suggests that the Lees Ferry area resided at ~100 °C until 25 Ma, then ~60 °C
until 6 Ma, and was under several km of Mesozoic strata until after 6 Ma. Hence
the Marble Canyon segment could not have been part of a 55 Ma (Wernicke,
2011, his figure 9A) or 20 Ma (Sabbeth et al., 2019, their figure 1) “Arizona River”
flowing through Grand Canyon at near its modern depth.

The thermal evolution and eastern Grand Canyon depth after 20 Ma are not
well resolved. Modeling of thermochronologic data suggests that modern-day
rim and river-level rocks reached the same temperature (40-60 °C) 25-15 Ma
due to carving of the ~1.5-km-deep East Kaibab paleocanyon, which had its rim
in Jurassic rocks 0.6-1.4 km above the Kaibab surface and its floor below the
Kaibab surface but still 0.6-1.4 km above river level (Flowers et al., 2008, their
figure 8D; Lee et al., 2013, their figure 9). In these models, the highest outcrops
of the Shinumo Sandstone that extend as high as 530 m above the river (1260 m
elevation) in eastern Grand Canyon would not have been exposed. Karlstrom
et al. (2017) suggested a speculative range of minimum elevations (maximum
paleocanyon depths) for the ca. 6 Ma confluence to have been 500-900 m above
modern river level (1200-1600 m), perhaps (marginally) allowing exposure of
the Shinumo Sandstone by 6 Ma. However, the apatite thermochronology data
currently do not have the needed resolving power at these low temperatures
(below 30-40 °C), and conversion of temperature to depth has large uncer-
tainties. Thus, existing thermochronology cannot independently confirm that
the Shinumo Sandstone was exposed to erosion ca. 20 Ma.

Western Grand Canyon

There is no Shinumo Sandstone in western Grand Canyon, and the second
question is, if Shinumo Sandstone was exposed for erosion at 20 Ma in east-
ern Grand Canyon, whether there was a major river through western Grand
Canyon as proposed by Sabbeth et al. (2019) that connected to the Sepse
delta (Fig. 1). Thermochronology of rocks in western Grand Canyon region

indicate that they cooled earlier than eastern Grand Canyon. This has been
interpreted as due to Laramide removal of Mesozoic rocks from the Hualapai
Plateau (Kelley et al., 2001; Young, 2001; Flowers et al., 2008). Figure 15E shows
Flowers and Farley (2013) t-T models based on *He/*He data for westernmost
Grand Canyon data that favored an “old canyon” cooling path (Fig. 15E, red
line). However, Figure 15EF also shows that their same data, as modeled by
Fox and Shuster (2014), are consistent with both a young and an old canyon
model, and that a young canyon t-T path (blue line) may be more probable (red
background colors reflect higher probability). Fox and Shuster (2014) argued
that the red constraint box of the Flowers and Farley model (Fig. 15E) was not
necessarily justified and that, instead, models should include the long history
of accumulation of radiation damage due to burial heating in the Phanero-
zoic. Figure 15F shows agreement of two different modeling efforts based on
high-precision “He/*He data from the Separation Canyon locality; the Fox et al.
(2017) model is based on the “He/*He data and the Winn et al. (2017) model
combined AFT, AHe, and *He/°*He data. These models used only a very broad
Laramide constraint box (black rectangle in Fig. 15F) to let the data resolve
maximum pre-Laramide burial temperatures; they support a young canyon
model and suggest that westernmost Grand Canyon basement rocks resided
at ~60 °C until after 6 Ma. In contrast, the Hurricane fault segment of Grand
Canyon (Fig. 15G) shows the “old canyon” cooling path and is interpreted to
have been carved by a north-flowing 65-55 Ma Music Mountain paleoriver
(Karlstrom et al., 2014). Thus, although paleocanyons existed in the 20 Ma
landscape, available thermochronology data do not confirm that “western
Grand Canyon was carved to within a few hundred meters of its current depth
no later than 20 Ma, and perhaps as early as Late Cretaceous/Paleocene time”
(Sabbeth et al., 2019, p. 1995).

Limitations of Thermochronologic Data

Several uncertainties have led to the conflicting interpretations and con-
tinue to limit the resolving power of Grand Canyon’s thermochronologic data.
The first involves understanding the annealing kinetics of radiation damage
in apatite and how such lattice damage influences He diffusion kinetics, and
hence, temperature sensitivity. The Flowers and Farley (2012, 2013) forward
models of basement rocks in the Grand Canyon assumed that cooling of
Precambrian apatite started in the imposed constraint boxes shown in the
red boxes of Figures 15B and 15E, with assumed burial temperatures prior to
80 Ma of 110-120 °C. Newer modeling (Fox et al., 2017; Winn et al., 2017) sug-
gests that this assumption may be valid for river-level rocks in eastern Grand
Canyon (compare Figs. 15B-15D), but not for western Grand Canyon (compare
Figs. 15E-15@G). It was this assumption (and the constraint box in their models)
that appears to have led to their western Grand Canyon “He/*He t-T models
for an “old canyon” (red curve in Fig. 15E) in which rocks cooled quickly in
the Laramide and resided from 70 Ma to present at 20-30 °C, potentially only
a few hundred meters below the surface. However, Fox and Shuster (2014)
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showed that t-T paths rely on model parameters such as Rmr0 (Ketcham,
2005) that have large laboratory uncertainty reflecting uncertainty in under-
standing helium diffusion systematics and kinetics, especially for conditions
of moderate prograde heating before the Laramide and incomplete annealing
of lattice damage.

Even if t-T paths are well resolved, a major geologic uncertainty is con-
verting paleotemperature to paleodepth. This requires assumptions about
both time-averaged surface temperature and geothermal gradient (Karlstrom
et al., 2014, their supplementary table 2). It is unlikely that any average values
accurately characterizes this time of transition from flat-slab refrigeration of
western North America (75-55 Ma; Dumitru et al., 1991), higher heat flow
during the 38-25 Ma ignimbrite flare-up (Best et al., 2016), and major Cenozoic
climate changes (Cather et al., 2011). But, following recent papers, we use a
geothermal gradient of 25 °C/km and an average surface temperature of 25 °C
to compare region to region (Wernicke, 2011; Karlstrom et al., 2014; Winn et al.,
2017). This results, for 50 °C, in a paleodepth of 1 km. Alternatively, 50 °C could
correspond to a depth of 1.6-2.0 km (10 °C and 25-20 °C/km) or ~800 m (25 °C
and 30 °C/km). However, interpreting rocks at 50 °C to reflect <500 m depth,
as needed to reconcile the 20 Ma Shinumo-Sepse connection, would require
unlikely time-averaged values, for example, of 40 °C surface temperature and
20 °C/km geothermal gradient.

To further present thermochronologic progress and limitations, Figure 16
shows cross-section reconstructions of eastern and western Grand Canyon
paleosurfaces through time using weighted-mean paths from Figure 15 and
applying a 25 °C/km geotherm and 25 °C surface temperature to the samples

shown. These hypothetical paleosurfaces change by hundreds of meters
depending on which sample and which t-T model is chosen, and also shift
a similar amount depending on assumptions of geothermal gradient and
surface temperature. Stratigraphic thicknesses from nearby areas are from
Karlstrom et al. (2017), with thinner Jurassic section in western Grand Canyon
region due to stripping prior to deposition of the 95 Ma Dakota Sandstone
(Dickinson, 2013). In both cross sections, the reconstructed paleosurfaces do
not agree well with stratigraphic heights shown for the 95 and 75 Ma upper
Cretaceous paleosurfaces, which themselves are subject to large thickness
extrapolation uncertainties.

In eastern Grand Canyon, consensus conclusions are that a 70-50 Ma
paleocanyon, if one existed, would have been “in the air” in now-eroded
Mesozoic strata and that a ca. 20 Ma paleocanyon may have notched through
the Kaibab surface to as much as one third to half the depth of modern Grand
Canyon (Flowers and Farley, 2012; Lee et al., 2013). In western Grand Canyon,
cooling was mainly by cliff retreat; Hualapai Plateau was stripped of most
of the Mesozoic section by ca. 60 Ma as shown by the ca. 65-55 Ma Music
Mountain (Young and Hartman, 2014) paleodrainage that flowed north through
the >600-m-deep Milkweed-Hindu paleocanyon to the Hurricane segment of
Grand Canyon. Geologic data, plus the more recent and precise “He/*He data
(Fox et al., 2017; Winn et al., 2017), suggest that upper Paleozoic and Triassic
strata remained over the westernmost position of the modern Grand Canyon,
keeping river-level rocks at 40-60 °C until after 6 Ma. Retreat of the Kaibab
escarpment by at least 8 km northward from the rim of the Milkweed-Hindu
paleocanyon continued to widen the Shivwits Plateau during the retreat of
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Figure 16. Evolution of paleosurfaces in eastern and western Grand Canyon based on applying a 25 °C surface temperature and 25 °C/km geothermal gradient to the
time-temperature (t-T) models and along the cross-section lines shown in Figure 15. Samples and models used for the gray lines were: 10GC161 (Winn et al., 2017), CW-
14Shiv3 (Winn, 2019), CP05-2, GCSK1, GCNK1, 98GC11, and PGC002 (Winn, 2019). The models for river-level samples in eastern Grand Canyon from Figure 15B from Flowers
and Farley (2012) would predict different paleosurface heights through time (red dots) especially before 30 Ma such that the evidence for a 50-70 Ma paleocanyon in Me-
sozoic strata is permissive but arguable based on thermochronologic data. For western Grand Canyon, alternative hypotheses are that cooling history prior to 6 Ma river
incision was driven by episodes of cliff retreat (Winn et al., 2017) as opposed to early deep fluvial incision by 70 Ma (red dot; Wernicke, 2011; Flowers and Farley, 2012, 2013).
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the Kaibab escarpment to its present north-rim position within the past 6 m.y.
(Young and Crow, 2014).

B PALEOGEOGRAPHY OF THE SOUTHWESTERN COLORADO
PLATEAU

The Shinumo-Sespe hypothesis highlights persistent research questions
about the drainage evolution of the Colorado Plateau. Many workers have
assumed that uplift of the Colorado Plateau and Rocky Mountains during
Laramide time would likely have established continental-scale ancestral rivers
that drained these uplifted regions (e.g., Galloway et al., 2011), including var-
ious configurations of an ancestral Colorado River (Hunt, 1956; McKee et al.,
1967; Wernicke, 2011). The following section explores an alternative paradigm,
supported by models for multi-stage uplift of the Rocky Mountain-Colorado
Plateau region (Karlstrom et al., 2008, 2011; Cather et al., 2011), that most of
the Colorado Plateau region was internally drained for much of the Cenozoic,
until the Colorado River became integrated through Grand Canyon 5-6 Ma.
Here we use the term paleoriver (e.g., Brazos and Platte paleorivers) for rivers
ancestral to modern rivers, and we use the formation name of fluvial sedimen-
tary deposits for the paleorivers that deposited them (e.g., Music Mountain
paleoriver; Young and Hartman, 2014).

Early Eocene (50 Ma) Paleogeography

In the Late Cretaceous, east-, northeast-, and north-flowing rivers flowed
from the continental divide on the Nevadaplano and Mogollon highlands onto
the Colorado Plateau toward the retreating Western Interior Seaway in New
Mexico, Colorado, and Wyoming (Goldstrand, 1994; Young, 2001; Saleeby,
2003; DeCelles, 2004; Davis et al., 2010; Wernicke, 2011; Sharman et al., 2015;
Lawton, 2019). This pattern was severely altered during the Late Cretaceous—
Paleogene Laramide orogeny. Uplift of the Rocky Mountains caused emergence
of a region of dominantly internal drainage (Spencer et al., 2008; Lawton, 2019),
although there may have been some flow-through lakes (Galloway et al., 2011).

Davis et al. (2010) proposed a “California River” that flowed north from the
Mojave region to the Colton Formation of the Uinta Basin, as suggested by sim-
ilar detrital zircon distributions in the Colton Formation and the upper McCoy
Mountains Formation. However, this interpretation has been challenged given
the more abundant 100-85 Ma zircon in the Colton that was more likely sourced
from the Sierran arc rather than ca. 75 Ma zircon expected from abundant
Laramide plutons in the Mojave region (Jacobson et al., 2011; Ingersoll et al.,
2013; Sharman et al., 2015; Shulaker et al., 2019). These workers also showed
from detrital zircon studies of Eocene strata in southern California that the likely
eastern limit for Eocene streams that flowed west to the paleo—Pacific Ocean
through the disrupted Mojave-Salinia segment of the Cretaceous batholith
was the Mogollon highlands and the related mountainous region in eastern

California and southwestern Arizona (Fig. 17B). Paleorivers may have flowed
northeast from this divide, roughly parallel to the Sevier thrust belt highland
(Shulaker et al., 2019) to deposit the sand-dominated deltas in Lake Uinta until
ca. 49 Ma (Smith and Dowling, 2008; Lawton, 2019). Wernicke (2011, p. 1288)
used the same name “California River” for a different 80-70 Ma NE-flowing
paleoriver that he envisioned to have “cut to within a few hundred meters of
its modern erosion level in western Grand Canyon, and to the level of Lower
Mesozoic strata in eastern Grand Canyon.” Similarly, Potochnik (2001) and
Cather et al. (2008) proposed a paleoriver pathway from the Mogollon highlands
to the San Juan Basin. As summarized above, thermochronologic data indicate
that any such paleoriver would have been flowing across Cretaceous strata
1-2 km higher than the Kaibab surface in the eastern Grand Canyon area, and
hence potential pathways through the Grand Canyon region remain speculative.
The most critical region of middle Eocene paleogeography for this paper is
western Grand Canyon and adjacent parts of southern Nevada, western Ari-
zona, and eastern California (Figs. 12 and 17). The Kingman Uplift was cored
by Paleoproterozoic crystalline basement punctured by numerous Laramide
intrusions (72-65 Ma). To the southeast, this uplift merged with the Mogollon
Highlands (Beard and Faulds, 2011); to the north, it likely merged with the Nev-
adaplano via a series of thrust sheets, although paleogeographic details are
scarce. Remnants of the early and middle Eocene drainage-system deposits
exist in paleoriver deposits in several localities. The Music Mountain Forma-
tion is early Paleocene to early Eocene based on fossil evidence (Young and
Hartman, 2014), although U-Pb dating of the same fossiliferous carbonate indi-
cates ages as old as 65 Ma (Hill et al., 2016). This paleoriver carved a major
canyon, Milkweed-Hindu paleocanyon (Young, 2011), that was incised through
the Kaibab surface to the level of Cambrian rocks on the Hualapai Plateau
(Fig. 16). Paleocurrents document northerly sediment transport as do the Pre-
cambrian clasts, which could only have been derived from uplifts to the south
and southwest (Young, 2011). Remnants of other paleorivers are preserved
farther southeast along the Mogollon Slope that have been referred to as the
“Rim Gravels” (Young, 2001). In contrast to the 65-55 Ma Music Mountain For-
mation, other “Rim Gravels” are younger, such as the 37-22 Ma Mogollon Rim
Formation (Potochnik, 2001). In Figure 17B, we use the term Baca paleorivers
for the early Eocene ancestors of these eastern Rim Gravels that likely flowed
into the Baca Basin and perhaps flowed at times to the Gulf of Mexico (Cather,
2009; Galloway et al., 2011). A key conclusion of our paper is that a Mogollon
highlands—-Kingman uplift-Nevadaplano drainage divide persisted through the
Eocene and sourced paleorivers that carried sediment both southward to the
Sespe Formation and northward onto the lower elevation Colorado Plateau.

Early Miocene (20 Ma) Paleogeography
Figure 18 shows tectonic and paleogeographic maps at ca. 20 Ma (Early

Miocene). Drainage reorganization was under way due to development of the
Pacific-North American transform boundary and extension in the Great Basin
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Figure 17. (A) Eocene paleotectonic features ca. 50 Ma. The region was bifurcated by ma-
jor highlands—the Nevadaplano, Kingman Uplift (KU), and Mogollon Highlands—that
extended from southern Idaho to southeast Arizona. Streams sourced from the western
margin of the highlands flowed west into the Pacific Ocean; streams sourced from the
eastern margin flowed into the array of Laramide basins, some of which at various times
may have connected to the Gulf of Mexico (Galloway et al., 2011). Parts of the Rocky
Mountains formed a complex divide that evolved rapidly during the Paleogene and early
Eocene. Shown in yellow with red letters are Laramide sedimentary basins (Lawton,
2019). Basin and other abbreviations are: AC-BM— Paleozoic-Mesozoic accretionary ter-
ranes of Blue Mountains; AC-SN—Paleozoic-Mesozoic accretionary terranes of Sonoman
and Antler orogenies; AVF—Absaroka volcanic field; B—Baca; BM—Black Mesa; BH—Big
Horn; C—Carthage; CVF—Challis volcanic field; D—Denver; E—EI Rito; EP—Echo Park;
FL—Flagstaff; G—Galisteo; GR—Green River; GV —Great Valley; H—Hanna; HP —Huerfano
Park; IB—Idaho Batholith; K—Kaiparowits; L—Laramie; LR—Love Ranch; MFTB—Maria
fold and thrust belt (with thin black outlines); MV —Monte Vista; NB—Nacimiento Block
(displaced Franciscan); NP—North Park; P—Potrillo; PI—Piceance; PR—Powder River;
R—Raton; SB—Sierra Blanca; SBB—San Bernardino Block; SGB—San Gabriel Block; SH—
Shirley; SJ—San Juan; SP—South Park; T—Tomillo; TC—Table Cliffs (Claron); U—Uinta;
WR—Wind River; WTRB—Western Transverse Ranges Block. Additional patterns: solid
red line—Laramide plutons (Colorado Mineral Belt in Colorado); heavy black dashed
line—trace of future San Andreas fault; heavy yellow dashed line—maximum extent of
Eocene-Miocene Sespe delta; dark-gray areas—Laramide Rocky Mountain uplifts. Sources
of data: Howard (1995, 2000); Saleeby (2003); McQuarrie and Wernicke (2005); Davis et al.
(2010); Dickinson et al. (2012); Young and Crow (2014); Sharman et al. (2015); Best et al.
(2016); Ingersoll et al. (2018); Lawton (2019). (B) Early Eocene paleogeography ca. 50 Ma.
Red dashed lines indicate drainage divides at 50 Ma showing paleorivers (blue lines and
arrows) and lakes (light blue). Not all rivers were active at same time and drainage divides
migrated rapidly. Several river systems entrenched in Klamath and Sierra Nevada regions
fed Eocene basins in the Great Valley region.
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Figure 18. (A) Miocene paleotectonic features ca. 20 Ma. Basin and Range extension dismem-
bered much of the Nevadaplano, Kingman Uplift, and Mogollon Highlands as volcanism

waned, but remnant volcanic highlands remained from the caldera complexes, which were

active in southern Arizona from 28 to 14 Ma and peaked between 24 and 18 Ma and mark
the general location of the Nevadaplano divide. The western plate boundary of North

America was a subduction margin to the north and a transform margin to the south of the

Mendocino fracture zone. SB—San Bernardino block. Data from Behl (1999), McQuarrie and

Wernicke (2005), and Best et al. (2016). (B) Miocene paleogeography ca. 20 Ma. Volcanics

(24-18 Ma) are a waning expression of 38-23 Ma caldera-related volcanic activity of the

ignimbrite flare-up (red). On the Colorado Plateau, scattered eolian sand and scattered

lakes (shown hypothetically) likely mantled the internally drained landscape. Rainbow
Gardens Formation and Buck and Doe Conglomerate represent drainages that flowed into

internally drained basins. Major ash flow sheets of the 18.8 Ma Peach Spring Tuff flowed

east and west from its source across the hypothetical path of the Arizona River. Paleo-Little

Colorado River flowed across the Kaibab uplift through the East Kaibab paleocanyon with

Jurassic rocks forming its north rim. An evolving Mogollon Rim escarpment separated

the N-flowing Mogollon slope paleorivers from late Oligocene and early Miocene fluvial-
lacustrine deposits in extensional basins. Rio Grande rift was the locus of sedimentation

into fault-bounded internally drained lacustrine basins. Along the California coast, rapidly
subsiding elongate basins mostly parallel to the coast received clastic sediment from

intra-basinal uplifts that exposed Franciscan rocks, from uplands of the volcanic arc, and

from basement catchments in the Mojave region. Upper Sespe sandstone reflects relatively
nearby sources compared with lower Sespe deposits that had distant sources, including

the flanks of the Mogollon Highlands. Data from Cather et al. (2008), Ingersoll et al. (2018),
and Ott et al. (2018). Abbreviations: AL—Apache Leap Tuff; BD—Buck and Doe Conglomer-
ate; BP—Browns Park Formation; LCR—Little Colorado River; M—Marysvale volcanic field;
MD —Mogollon Datil volcanic field; MR—Mogollon Rim; MS —Mogollon slope; SJ—San

Juan volcanic field; RG—Rainbow Gardens Formation; RGR—Rio Grande rift; SD—Sespe
delta; T—Tonto Basin; V—Verde Valley.
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and Basin and Range and Rio Grande rift (Dickinson, 1996, 2006; Atwater and
Stock, 1998). Wasatch and proto-Grand Wash faults were beginning to emerge
as boundaries between the Colorado Plateau and Basin and Range (18-16 Ma;
Faulds et al., 2001). The western Nevadaplano continental divide was collapsing
due to core-complex extension; high regions remained, and low regions were
occupied by playas and internally drained lakes. Erosion of volcanic highlands
from the 38-25 Ma Oligocene ignimbrite flare-up caused regional aggradation
because of sediment oversupply to rivers. Volcanism was less prominent at
ca. 20 Ma, but caldera complexes of the Superstition Mountains and Peach
Spring Tuff (Young, 1999, 2011) erupted at ca. 19-18 Ma, and basaltic volcanism
took place in volcanic fields around the Colorado Plateau (Young and Brennan,
1974; Crow et al., 2011). Internally drained basins in the Colorado Plateau region
and remnants of the Chuska erg (Cather et al., 2008) were likely present, and it is
unclear if there were any major rivers from the Colorado Plateau region reach-
ing either the Pacific or Gulf of Mexico. Ancestral rivers continued to drain the
east side of the Rockies to the Gulf of Mexico (Galloway et al., 2011). Rift flanks
of the Rio Grande rift were rapidly unroofing ca. 20 Ma (Ricketts et al., 2016),
and subsiding rift basins were internally drained with complex divides likely.
As shown in Figure 18B, based on combined U-Pb zircon and K-feldspar Pb
isotopic provenance studies (Shulaker et al., 2019), rapidly evolving drainage
patterns in the forearc region took place as North America interacted with the
East Pacific rise and/or Mendocino fracture zone, the transform margin, inboard
regions extended, and a gap in the subducting slab formed and widened
eastwards (Dickinson and Snyder, 1979; Nicholson et al., 1994; Ingersoll and
Rumelhart, 1999a, 1999b). These studies support several conclusions of our
paper: that a drainage divide existed along the collapsing Nevadaplano-Mo-
gollon highlands, and that the Sespe Formation and other forearc deposits
tapped multiple cratonal basement catchments, including the Mojave Desert
region, in addition to the predominance of arc-derived material. Drainage
in the central Colorado Plateau was influenced by volcanic highlands and a
paleo-Little Colorado river is proposed to have cut across the subdued Kaibab
uplift at the foot of a northward-retreating paleo-Vermillion cliffs of the Grand
Staircase of Mesozoic strata (Fig. 16B; Karlstrom et al., 2014, 2017; Winn, 2019).
The Mogollon Rim and Mogollon Slope defined the south margin (Holm, 2001;
Ott et al., 2018), while north-flowing paleorivers such as the paleo-Salt River
were disrupted by normal faulting to form internal drainage (Potochnik, 2001).
The hypothesized west- and south-flowing 20 Ma Arizona River pathway
in the Grand Canyon and northwestern Arizona regions (Sabbeth et al., 2019)
is not supported here for several reasons. The 25-17 Ma Rainbow Gardens
Formation and 34-19 Ma Buck and Doe Conglomerate were locally derived
and deposited by north-flowing rivers, opposite to the proposed Arizona River
drainage. The Buck and Doe Formation gravel on the Hualapai Plateau shows
southerly source regions: lower units were derived mostly from the local Paleo-
zoic sedimentary rocks; upper units (Peach Spring Member) tapped basement
rocks (Young, 2011). Likewise, 20-18 Ma basalts and the Peach Spring Tuff
flowed north onto the Colorado Plateau resulting in subdued topography and
weakening of north-flowing drainage. Thick pyroclastic flows of Peach Spring

Tuff at 18.8 Ma directly crossed the proposed path of the Arizona River, extend-
ing as far west as Barstow, California, and eastward onto the SW Colorado
Plateau (Fig. 12). The absence of both pre-1.8 Ga grains from Vishnu base-
ment and the full range of 300-1100 Ma detrital zircon detritus in the Rainbow
Gardens or Sespe formations, along the proposed Arizona River flow path,
further preclude their derivation from Grand Canyon and the Colorado Plateau.

B SUMMARY

The Shinumo Sandstone is not the “only plausible” source for a subset of
lower Miocene Sespe Formation clasts that have moderate paleoinclination
and the three regionally common detrital zircon peaks of ca. 1.8-1.6, 1.5-1.4,
and 1.2-1.1 Ga, as portrayed by Sabbeth et al. (2019). Their extraordinary claim
is that a 20 Ma paleoriver existed in the same place as the modern Colorado
River, connected the Colorado Plateau to the Sespe delta, and carved Grand
Canyon to within a few hundred meters of its modern depth. However, this
claim is not supported by sufficient evidence to overturn the large body of
geologic and thermochronologic evidence that such a pathway did not exist
prior to 6 Ma (Young, 1999, 2001, 2011; Ingersoll et al., 2013; Karlstrom et al.,
2014, 2017; Young and Crow, 2014; Crossey et al., 2015; Lamb et al., 2018).
This paper questions the Shinumo-Sespe drainage connection by evaluating
each data set. We show that the paleomagnetic inclination data from Sespe
orthoquartzite clasts are ambiguous because the magnetization is not demon-
strated to be primary, and measured inclinations are not demonstrated to be
relative to horizontal bedding rather than cross bedding. Further, the large
dispersion in measured clast paleoinclinations of 0°-78° cannot be convinc-
ingly related to the Shinumo Sandstone because of the small sample size and
lack of characterization of other potential source terranes. Our analysis of the
detrital zircon spectra of the 12 clasts reported from the Sespe Formation also
causes us to reject the Arizona River hypothesis. No clast has its best statistical
detrital zircon match to the Shinumo Sandstone. Rather, the best statistical
matches for the four most “Shinumo-like” polymodal detrital zircon spectra
of the Sespe clasts are Big Bear Group and Ontario Ridge quartzites of the
Transverse Ranges, Horsethief Springs Sandstone from Death Valley, and
Troy Quartzite of central Arizona. Three Sespe clasts with unimodal detrital
zircon spectra are statistically most similar to White Ledges Formation of cen-
tral Arizona and Pinto Mountain quartzites of the Transverse Ranges. Sespe
clasts with grains younger than the Shinumo Sandstone can be tentatively
matched to Cambrian Tapeats and/or Zabriskie sandstones and the Horsethief
Springs Formation of Death Valley. Clasts with Mesozoic zircon do not match
the Morrison Formation and hence do not provide convincing evidence for a
drainage connection between the Colorado Plateau and the Sespe Formation.
Instead, we find that Sespe clasts are statistically different from each other
showing derivation from diverse sources in central Arizona, the Transverse
Ranges, and the Death Valley region and/or equivalent then-exposed terranes
in southern California and southwestern Arizona.

Karlstrom et al. | Shinumo-Sespe drainage connection



http://geosphere.gsapubs.org

GEOSPHERE | Volume 16 | Number 6

The 55 Ma “Arizona River,” and the “old” Grand Canyon implied by it, are
not supported by the Sabbeth et al. (2019) data, but the last sentence of the
paper indicates that they still support an Arizona River in western Grand Can-
yon “perhaps as early as Late Cretaceous/Paleocene time.” This notion of
an “old” (70-50 Ma) Grand Canyon is falsified by several lines of evidence
as summarized in this paper. Rivers of this age (Music Mountain Formation)
were north-flowing, counter to the inferred 55 Ma drainage system proposed
by Wernicke (2011, p. 1301). Thermochronology indicates that Marble Canyon
and eastern Grand Canyon segments were >100 °C, buried beneath Mesozoic
strata of the Grand Staircase, and hence not deeply incised at this time. Base-
ment rocks of the westernmost Grand Canyon segment, as well as the area
of Grand Wash trough (Fitzgerald and Malusa, 2019, p. 183), were 50-100 °C
and buried by more than 1 km of Paleozoic and Mesozoic strata. The oldest
detritus in the Eocene Sespe Formation of coastal California is 42 Ma (Ingersoll
et al., 2018) and hence could not have been derived from Colorado Plateau or
Grand Canyon sources via a 55 Ma paleoriver.

We also argue against the 20 Ma “Arizona River” hypothesis. The paleoge-
ography of Oligocene and early Miocene time involved internally drained basins
and north-flowing aggrading drainages opposite to the proposed throughgoing,
south-flowing drainage system from the Colorado Plateau to the Sespe delta.
The hypothesized “asymmetric drainage divide” is refuted by paleocurrent and
provenance data from north-flowing 25-19 Ma fluvial systems on Hualapai Pla-
teau. Fluvial deposits of the 25-17 Ma Rainbow Gardens Formation were part of
an internally aggrading system with fluvial input from both the north and south
(Beard, 1996; Lamb et al., 2018); the 34-19 Ma Buck and Doe Conglomerate also
had northerly paleoflow and was an aggradational package with no evidence for
a lower base level in a paleo—Grand Canyon (Young and Crow, 2014). Basement
rocks of eastern Grand Canyon were >40-50 °C such that the floor of the East Kai-
bab paleocanyon (25-15 Ma; Karlstrom et al., 2014) was >600 m above the modern
river level, in agreement with speleothem data (Polyak et al., 2008), and not likely
carved to the depths of the Shinumo Sandstone that extends in a few places to
530 m above the river but is mainly <300 m above the river. Basement rocks of west-
ernmost Grand Canyon were >50 °C, not carved to within a few hundred meters
of their modern depth at 20 Ma to allow a Shinumo-Sespe drainage connection.

Instead, the hypothesis favored here is that downward integration of the
Colorado River and carving of Grand Canyon took place after opening of the
Gulf of California 6-5 Ma (Oskin and Stock, 2003; Pearthree and House, 2014;
Dorsey et al., 2018; Kimbrough et al., 2015; Crossey et al., 2015; Crow et al.,
2019a, 2019b), in part utilizing preserved older paleovalley segments across
the Kaibab uplift and along the Hurricane fault (Karlstrom et al., 2014).
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