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THE BIRTH AND INCISION HISTORY OF THE SAN JUAN RIVER IN THE PAST
S MA

By

Micael Albonico

B.S., Geology, Northern Arizona University, 2014

M.S., Earth and Planetary Sciences, University of New Mexico, 2021

ABSTRACT

This study addresses the evolution of the San Juan River system and its confluence with the
Colorado River, ~ 100 km above the regionally important Lees Ferry knickzone. The San Juan River
is a 600-km-long continental-scale tributary of the Colorado River. From its headwaters in the San
Juan Mountains in Colorado, the San Juan River flows across the Colorado Plateau, and into the
Colorado River upstream of Grand Canyon. Published apatite fission track and apatite (U-Th)/He
thermochronologic data show that rocks in Marble Canyon, as well as in middle and upper reaches of
the San Juan River, were >75 °C and hence buried by 1.5-2 km of overlying strata until rapid cooling
after ~5 Ma. This ~5 Ma age marks the birth of the San Juan system and its integration with the
Colorado River as we know it. The longitudinal profile of the San Juan River is generally concave-
up, with no major knickpoints. This apparent “equilibrium” river profile contrasts with the Colorado
and Little Colorado rivers that have major bedrock-influenced knickzones coincident with the Kaibab
Limestone. This paper evaluates incision rates through time across the Lees Ferry knickzone and in
the lower, middle, and upper reaches of the San Juan River to evaluate alternative models for river
evolution. Incision rates are constrained using new *°Ar/*’Ar detrital sanidine (DS) dating of river

terraces. We dated over 5000 grains, from 27 terraces, yielding ~ 2% young (< 2 Ma) grains that give



important new maximum depositional ages (MDAs) and minimum incision rates for 18 of the
terraces. The most common youngest grains were ca. 0.63, 1.2, and 1.6 Ma and, in most reaches, the
terraces containing 0.63 Ma grains are ~half as high above the river as the terraces containing 1.2 Ma
grains suggesting steady average incision over the past 1.2 Ma. However, age-correlative terraces are
very different heights and yield different incision rates reach to reach: 143-160 m/Ma for eastern
Grand Canyon and Marble Canyon, 219-270 m/Ma along the Colorado River in Glen Canyon above
Lees Ferry knickzone, 97-128 m/Ma in the San Juan River as it crosses the Colorado Plateau, and up
to 237 m/Ma in the San Juan Mountain headwaters. Steady incision argues against punctuated
climatic events or transient knickpoint migration in the past 1.2 Ma and suggests differential uplift.
Adding to the previously proposed ~150 m/Ma surface uplift of eastern Grand Canyon relative to the
Gulf of California based on downstream differential incision, our differential incision magnitudes
imply an additional 100 m/Ma uplift of paleoriver profiles across the broad, ~200-km-wide, Lees
Ferry knickzone and ~100 m/Ma uplift of the San Juan Mountains headwaters relative to the
Colorado Plateau. If incision has been steady over 5 Ma, with thermochronologic data inferring more
rapid exhumation in the 5-2 Ma timeframe after integration, this suggests that the Lees Ferry
knickzone region is the edge of the uplifting southwestern Colorado Plateau region that has given rise
to Grand Canyon, and that the San Juan Mountains region has simultaneously been uplifted ~ 500 m
relative to the Colorado Plateau over the past 5 Ma. The rate changes are spatially associated with
sharp mantle velocity transitions and we infer that they reflect mantle-driven differential epeirogenic

uplift.
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INTRODUCTION

The San Juan River is a major tributary of the Colorado River that flows from >4-km
elevations of the southern Rocky Mountains through an impressive landscape of bedrock
canyons and slot canyons within the interior of the Colorado Plateau. The river changes
character from a mountain stream in its headwaters in the San Juan Mountains of
southwestern Colorado to a wider river across the Colorado Plateau through Farmington,
New Mexico and Bluff, Utah, and eventually flows into the Colorado River at Glen Canyon,

~ 80 km north of Lees Ferry in the area now flooded by Lake Powell (Figure 1).

Figure 2 shows the river’s longitudinal elevation profile in the context of landscape
features projected in from around it. The headwater tributaries of the San Juan River,
including the Animas River discussed here, drain a rugged complex of Precambrian
crystalline basement, Paleozoic and Mesozoic sedimentary rocks, and Tertiary volcanic rocks
of the San Juan Mountains that have high peaks reaching above 4000 m (Figure 2; Cross and
Larson, 1935). Transitioning from the San Juan Mountains to the northern San Juan Basin,
Figure 1 shows that most of the northern headwater tributaries (Mancos River, La Plata
River, Animas River, Los Pinos River, Piedra River, and Navajo River) flow down the slopes
of the San Juan Mountains and Hogback monocline. The southern tributaries join the San
Juan River in the synclinal zone of the Hogback monocline (Chaco River) and Monument
monoclinal uplift (Chinle Creek). West of the Monument uplift, the San Juan River carves
deep sinuous bedrock canyons with entrenched meanders, including the Goosenecks area
west of Mexican Hat, Utah. The San Juan River finally flows into Glen Canyon and meets
the Colorado River in the area now covered by Lake Powell. Accurate pre-dam estimates of

the elevation of the confluence and profiles of the San Juan and Colorado rivers in Figure 2



are from Birdseye et al. (1922).
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Figure 1 - Regional map of the San Juan River drainage and its major tributaries
spanning the four corners of Colorado, New Mexico, Utah and Arizona. The red circles
indicate thermochronology samples collected in: A) the headwaters of the San Juan
River in the San Juan Mountains, north of Durango (McKeon, 2009; Kelley and
Karlstrom, 2017); B) near the middle drainage of the San Juan River by the Monument
upwarp (Hoffman, 2009); and C) below Lake Powell at Lee’s Ferry (Lee et al., 2012)
and near the Little Colorado River confluence (Karlstrom et al., 2014). The white and
black circles indicate incision control points for the San Juan River in the upper drainage
on the Animas River (Gillam, 1998), the middle drainage near Bluff, Utah
(Wolkowinsky and Granger, 2004; Heizler et al., 2021), and the lower drainage above
and below the confluence of the San Juan - Colorado River in Bullfrog, UT (Darling et
al., 2012) and below Lees Ferry at Kwagunt and Palasades near river mile 56 and 65 of
the Colorado River (Crow et al., 2014). Green hexagons in the western San Juan
Mountains near Rico and Placerville, Colorado, are locations of young (7 — 4 Ma)
magmatism (Gonzales, 2015; 2017).

Other nearby landscape features shown in Figure 2 that help pose the research
questions about landscape evolution of the Colorado Plateau and incision history of the San
Juan River system include: Black Mesa and Straight Cliffs, held up by upper Cretaceous
sandstones; Ute, Carrizo and Navajo mountain laccoliths of Laramide age that bow-up

Cretaceous strata (Condie, 1964; Gonzales, 2015); the Abajo and La Sal mountain laccoliths



of 29 Ma (Rennevik et al., 2017), and paleosurfaces in the Chuska Mountains of 35 and 27
Ma below and above the Chuska Sandstone (Cather et al., 2008). Generalized geology and
height of canyon rims along the San Juan and Colorado rivers are shown by the thin red line
in Figure 2. The goal of this paper is to investigate the incision history of the San Juan River

system through time since its integration with the Colorado River at about 5 Ma.
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Figure 2 - Nested river profiles of the San Juan River (thick, dark blue line) from
lower reaches in the San Juan-Colorado River confluence to upper reaches in the San
Juan Mountains, Colorado, and Little Colorado Rivers. Cross section of major
geologic units hung along the profile of San Juan River, with steep entrenched
canyons shown by the thin red line. Physiographic features and “sky islands” are
presented to show the relative landscape traversed by the San Juan River. The yellow
dashed line shows the approximate 5 Ma paleosurface reconstructed, using
thermochronology data in the Lower (Lee et al., 2012; Karlstrom et al., 2017), middle
(Hoffman, 2009), and upper (McKeon, 2009; Kelley and Karlstrom, 2017) reaches,
assuming a geothermal gradient of 25 °C/km and a surface temperature of 15 °C. The
35 Ma and 27 Ma Chuska erosion surfaces are indicated by the thick red dashed lines

(Cather et al., 2008).

An estimated 5 Ma paleosurface that pre-dates integration of the Colorado River
through Grand Canyon is reconstructed in Figure 2 based on apatite thermochronologic
studies. These data suggest that rocks along the entire length of the San Juan River

underwent rapid cooling after 5 Ma due to erosional removal of ~2 km of strata (Hoffman,



2009; Mckeon, 2009; Karlstrom et al., 2012; Lee et al., 2012; Kelley and Karlstrom, 2017).
This suggests that the San Juan River has been integrated with the Colorado River and in its
present location only since 5 Ma. An older, perhaps Oligocene/Miocene, San Juan paleoriver
was proposed by previous workers to be preserved in the Crooked Ridge/ White Mesa
alluvium gravels (Figures 1 and 2; Babenroth and Strahler, 1945; Strahler, 1948; Cooley and
Davidson, 1963; McKee et al., 1967; Hunt, 1969; Lucchitta et al., 2011; 2013; Lucchitta and
Holm, 2020) but these fluvial deposits have now been dated with detrital sanidine as <2 Ma
and, based on the age, high landscape position, and steep gradient of the Crooked Ridge
system, it has been reinterpreted as younger tributary gravels to the paleo Little Colorado
River (Hereford et al., 2016; Karlstrom et al., 2017; Heizler et al., 2021). Thus, the existence
and location of any pre-5 Ma paleo San Juan River pathway across the region at stratigraphic
positions within Cretaceous rocks higher than the yellow line paleosurface in Figure 2 remain

speculative and are not recorded by any preserved deposits or landscape features.

We apply new detrital sanidine *°Ar/*?Ar dating to terrace flights along the San Juan
and Colorado river system from Grand Canyon to the San Juan Mountains. These terraces
extend back 1-2 Ma (Wolkowinski and Granger, 2004) and preserve a long-term record of
the river’s incision history. This San Juan River transect is an important test bed for the
concept that differential river incision can be a proxy for differential uplift, and specifically
that the Rocky Mountains have been uplifting relative to the Colorado Plateau over the past
10 Ma (Karlstrom et al., 2012) at the same time that the Colorado Plateau has been uplifting
relative to the Gulf of California (Karlstrom et al., 2008; 2012; Crow et al., 2014; Crow et al.,
2019). The broader motivation of this study is to test models for young and potentially

ongoing mantle-driven epeirogenic surface uplift of the Rocky Mountain region.



Previous river incision studies on the Colorado Plateau

Some river incision studies have proposed semi-steady incision through time in a
given reach, and varying rates in different regions, and explained these in terms of tectonic
elements such as faulting or mantle velocity transitions that may imply differential regional
uplift across the Colorado Plateau and the Colorado Rocky Mountain regions (Karlstrom et
al., 2012). Studies of the Colorado River (Karlstrom et al., 2008; Crow et al., 2014) and its
tributaries of the Virgin (Walk et al., 2019) and Little Colorado rivers (Karlstrom et al.,
2017) support ~1 km of surface uplift of the Colorado Plateau relative to the river’s baselevel
at the Gulf of California since the Colorado River first flowed into the Gulf of California
between 4.8 and 4.63 Ma (Crow et al., 2021). In this hypothesis, the Lees Ferry knickpoint at
the head of Grand Canyon marks a major change between the steep lower basin profile
through Grand Canyon that is responding to the lower base level, and lower gradients of the

Colorado Plateau that may not have seen the base level change (Darling et al., 2012).

Some studies have reported higher incision rates above the Lees Ferry knickpoint
than below (Garvin et al., 2005; Cook et al., 2009; Pederson et al., 2013). These higher rates
were measured over shorter (~ 100 ka) timescales and could reflect real increases in youngest
incision rates in the past 100 ka due to glacial-interglacial oscillations (Aslan et al., 2019).
Alternatively, they may reflect application of different dating methods where, for example,
terrace tread ages from cosmogenic surface dating are minima compared to longer-term
bedrock incision measured by strath ages as constrained by other methods (Karlstrom et al.,
2013). This uncertainty highlights the present limitations of incision rate studies for which

there are: 1) relatively few well-dated long-term incision rate localities where average



incision rates can be measured for timescales of 0.3 to 2 Ma; 2) even fewer areas where
multiple terrace heights in a given reach can be used to test steady versus non-steady strath-
to-strath bedrock rates at the million-year time frame, and 3) few rivers where rates-through-
time data can be compared from one reach to another along their length. A major goal of this
study is to provide new incision data points and strath-to-strath rates through time at
numerous locations near the confluence of the San Juan and Colorado rivers that can be
compared to the relatively well studied Grand Canyon incision rate data (e.g., Crow et al.,
2014) and thereby improve the understanding of incision history across the Lees Ferry

knickzone.

Differential river incision studies on the western (Rosenburg et al., 2014) and eastern
(Nereson et al., 2013) flanks of the Colorado Rocky Mountains have also suggested up to
~ 1 km of surface uplift of the Rockies relative to the Colorado Plateau in the past 10 Ma.
Rosenburg et al. (2014) analyzed several rivers that crossed from the Rocky Mountains to the
Colorado Plateau: Little Snake, Yampa, White, and upper Colorado Rivers. Incision
magnitudes along these sub-parallel west-flowing rivers increased from north to south, from
~550 m to ~1500 m over the past 10 Ma with higher normalized channel steepness, higher
incision magnitudes, and higher incision rates corresponding to regions underlain by low
velocity upper mantle. These studies found steady incision at the million-year timescale in a

given reach coupled with different, but still steady, rates in other reaches.

Reconciling long-term, intermediate-term, and short-term timescales over which
incision rates are measured is important to deciphering the forces influencing incision. As

reported by Aslan et al. (2019) for the Upper Colorado River system, short-term (<100 ka)



incision rates vary widely (~250 - 750 m/Ma) which probably reflects the unsteady nature of
glacial/ interglacial climate-influenced incision. Intermediate-term (100 ka to 1 Ma) incision
rates range from ~200 - 300 m/Ma, and long-term (> 1 Ma) incision rates average ~110 - 160
m/Ma. Aslan et al. (2019) reported 1513 m of total incision since the time of deposition of
the first known Colorado River deposits below the 10.81 Ma Grand Mesa basalt yielding a
long-term average incision rate of 140 m/Ma. There are acknowledged uncertainties in
whether incision was steady in some reaches (e.g. Glenwood Canyon at 110 m/Ma), but
Aslan at al. (2019) generally supported the tectonic differential uplift hypothesis. Lazear et
al. (2013) and Aslan et al. (2019) argued that the long-term pace of incision is not completely
accounted for by isostatic rebound resulting from exhumation. Erosional isostasy can explain
between 500-800 m of post-10 Ma uplift, about half of the total reported 800-1700 m of post-
10 Ma river incision and rock uplift in the upper Colorado River Basin (Lazear et al., 2013).
The other ~half (500-1000 km) of the observed fluvial incision and rock uplift may best be

explained by tectonic forcings that triggered differential erosion and related rebound.

In some cases, incision rate changes take place across zones of transition in mantle
velocity suggesting that upper mantle flow and sharp buoyancy changes at 60-100 km depths
between low mantle velocity domains and high velocity domains may be driving young and
ongoing differential uplift. Roy et al. (2009) and Crow et al. (2011) documented a migration
of increasingly young and more asthenospheric basaltic volcanism toward the Colorado
Plateau center that is compatible with this model for deep-seated mechanisms driving
regional epeirogenic uplift. This leads to the hypothesis that long-term steady incision at
different rates in different parts of a continental-scale river system may be the signal of

mantle driven epeirogenic differential uplift in the Rocky Mountain-Colorado Plateau region.



The Colorado River first reached the Gulf of California about 5 Ma (5.33 according to
Dorsey et al., 2007; refined to 4.8-4.63 Ma by Crow et al., 2021), and the Colorado River
profile has been graded to sea level since about 4.6 Ma (Crow et al., 2021). Thus, similar to
Walk et al. (2019), the regional river system provides a “laboratory” to conduct this
differential incision analysis progressively upstream from sea level at the Gulf of California
and to add up differential uplift amounts relative to the sea to quantify surface uplift over the

past 5 Ma.

The San Juan River system is ideally suited to continue to test the Rocky Mountain
uplift part of this hypothesis because it crosses from the Colorado Plateau to high elevations
of the San Juan Rocky Mountains and is tied to the Colorado River at their confluence ~ 100
km above the Lees Ferry Kaibab Limestone knickpoint. The goal of this study is to date
terrace flights using detrital sanidine to evaluate steady versus non-steady incision over the
past few million years and evaluate any variations across the Lees Ferry knickpoint and
across the transition from the Colorado Plateau to the Rocky Mountains. Terrace targets for
this study include: 1) the highest terraces in eastern Grand Canyon, 2) terrace flights just
above the Lees Ferry knickpoint that include ~ 8 terrace levels that extend from 140-330 m
above the pre-Dam river level (Billingsley and Priest, 2013); 3) terraces above and below the
San Juan-Colorado confluence in Lake Powell (Glen Canyon) that extend from 100 m to 370
m above the pre-dam river level (Garvin et al., 2005); 4) terraces near Mexican Hat and
Bluff, Utah that extend from 80 m to 150 m above river level (Wolkoinsky and Granger,
2004); 5) terraces near Farmington, New Mexico that extend from 70 m to 130 m above the
river; and 6) terraces along the upper San Juan in the Animas River drainage that extend >

200 m above the rivers, including a terrace near the middle of the terrace flight that is directly



dated by the 630 ka Lava Creek B ash (Gillam, 1998). Some of these terraces that had been
previously dated by other methods such as U-series dating of carbonate, cosmogenic surface
dating of terrace treads, and cosmogenic burial dating of gravels allow comparison of these

results with the new detrital sanidine data.

Thermochronology constraints on regional denudation

This project builds upon previous denudation studies from each end and the middle of
the San Juan River (Gillam, 1998; Wolkowinsky and Granger, 2004; Hoffman, 2009;
McKeon, 2009; Karlstrom et al, 2012, Lee et al., 2012; Kelley and Karlstrom, 2017). To infer
long-timescale denudation, thermochronology samples have been collected in the upper
(McKeon, 2009; Kelley and Karlstrom, 2017), middle (Hoffman, 2009), and lower (Lee et
al., 2012) reaches of the San Juan drainage (Figure 1). These thermochronology data provide
a long record of the differential denudation of this area. Geologic evidence for long term
denudation amounts is also shown in Figure 2 in terms of elevations of Laramide and
Oligocene laccoliths that were emplaced as shallow intrusions in the Cretaceous section and
that now form “sky islands” in the landscape, and by 35 and 27 Ma erosion surfaces below
and above the Chuska Sandstone in the Chuska Mountains (Cather et al., 2008).

Thermochronology data from eastern Grand Canyon (see summary in Karlstrom et
al., 2020) include modeled temperature- time (T-t) paths from five river-level samples from
Marble Canyon that are summarized using weighted mean paths of Karlstrom et al. (2014,
their Fig. 2A). Assuming a geothermal gradient of 25 °C/km and a surface temperature of 15
°C, Lee et al. (2012) used AFT and apatite (U-Th)/He thermochronology to conclude that 1.7
to 2.2 km of Mesozoic strata remained above the area of Lees Ferry until after 5 Ma. Figure 2

reconstructs the relative magnitudes of denudation of these river-level samples. Sample 1, at



Lees Ferry, was at ~ 60 °C at 5 Ma corresponding to a burial depth of 1.8 km; sample 2 was
at ~ 50 °C corresponding to a depth of 1.4 km. In contrast, samples 3 and 4 had cooled to 20-
30 °C by 15 Ma and were buried only 400-800 m at 5 Ma (Lee et al., 2012). Miocene cooling
observed in some samples records carving of the 25-15 Ma East Kaibab paleocanyon below
the Colorado — Little Colorado River confluence as shown in sample 4 (Karlstrom et al.,
2017, their Fig. 3) and cooling at ~15 Ma in sample 3 was related to the northward retreat of
the Vermillion cliffs past this sample. Using different mean annual surface temperature and
geothermal gradient assumptions results in different temperature-to-depth conversions but
the relative long-term differential denudation recorded by these samples is robust and
suggests the presence of a paleo Vermillion cliffs such that the San Juan River system had
not been integrated through Marble Canyon to the East Kaibab paleocanyon (paleo-Little

Colorado River) before 5 Ma.

Thermochronology studies from the Monument uplift on the San Juan River by
Hoffman (2009) reported apatite (U-Th)/He thermochronology from surface and core
samples (Figure 2) that indicate rapid cooling since ca. ~6 Ma. Hoffman used a geothermal
gradient of 30 °C/km and mean annual surface temperature of 10 °C to estimate 1.5-2.0 km

of erosion since the late Miocene (4-10 Ma) at rates of 230-300 m/Ma.

At the headwaters of the San Juan River north of Durango, Colorado, McKeon (2009)
analyzed samples using apatite (U-Th)/He thermochronology. Results showed a rapid
cooling event that commenced ca. 10—6 Ma in the northwestern San Juan Mountains whereas
in the southern San Juan Mountains there were significantly older cooling ages from 32—19

Ma (Figure 1). McKeon (2009) and Karlstrom et al. (2012) suggested that the variability in
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exhumation between the northwestern San Juan Mountains and southern San Juan Mountains
is due to active tectonism in the northwest region of the San Juan Mountains because the
areas are similar in climatic history, mean elevation, and relief. These results suggest about 2
km of differential erosion via epeirogenic doming in the southwestern San Juan Mountains.
Kelley and Karlstrom (2017) analyzed samples using apatite fission-track (AFT)
thermochronology near Molas Pass, north of Durango, Colorado, that also show a rapid
cooling pulse at 10-6 Ma with more than a kilometer of material removed from above the

3300 m elevation sample since ~ 6 Ma.

These thermochronology results from the eastern Grand Canyon to the San Juan
River headwaters constrain the age of initial integration of the San Juan/Colorado river
system through Marble Canyon to have been after 6-5 Ma and indicate that the San Juan/
Colorado system likely flowed across Cretaceous rocks, 1-2 km higher in the stratigraphic
section, perhaps towards internally drained lakes (Lazear et al., 2013, their Fig. 10). Thus, the
birth of the San Juan River as we know it today is considered in this paper to have been after,
and perhaps to have helped drive, the 6-5 Ma integration of the Colorado River through
Grand Canyon. Figure 2 estimates the 5 Ma paleosurface such that any pre-5 Ma San Juan
River that may have flowed across the Four Corners region would have been at or above the

elevation of Cretaceous strata now exposed in the Straight Cliffs and Black Mesa.

METHODS

Single Crystal “Ar/**Ar Dating of Detrital Sanidines in River Terraces

River terrace samples were collected from terrace flights in several reaches of the

Colorado and San Juan rivers. Sanidine grains were concentrated by sieving for grains
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ranging from 250 - 125 microns, washed using distilled water and hydrochloric or
hydrofluoric acid, magnetically separated with a Frantz magnetic separator, and put through
standard heavy-liquid mineral separation to float the K-feldspars. Approximately 200 -300
sanidine grains were handpicked under a polarizing binocular microscope from the bulk K-
feldspar population from each sample while submerged in wintergreen oil. Sanidine grains
were irradiated at either the Oregon State University Triga reactor or USGS Triga reactor,
Denver, CO along with standard Fish Canyon Tuff sanidine (FC-2) with an assigned age of
28.201 Ma (Kuiper et al., 2008). The *°K decay constant used for age calculation is 5.463e-
10 /a (Min et al., 2000). Individual sanidine grains underwent *°Ar/>?Ar dating by single
crystal laser fusion with a CO» laser while gases were measured on an ARGUS VI noble gas
mass spectrometer. Samples were analyzed at the New Mexico Geochronology Research
Laboratory located at the New Mexico Bureau of Geology and Mineral Resources in
Socorro, New Mexico. A maximum depositional age (MDA) is derived by calculating the
weighted inverse variance mean age of the youngest population of dates per sample as

described in Heizler et al. (2021).

“0Ar/* Ar dating of detrital sanidine crystals allows for precise ages and can help determine
the source of ancestral river deposits. The assigned date of a sanidine represents an eruption
age. The age of the youngest population of detrital sanidine crystals that has been reworked
into a river terrace provides a maximum bound on the depositional age (the terrace can be no
older than its youngest sanidine). Precise ages alone are sometimes enough to pinpoint
eruptive sources, but K/Ca ratios (proportional to *’Ar/*?Ar) can also help identify sources
(Deino and Potts, 1990; Karlstrom et al., 2017; Heizler et al., 2021). If maximum

depositional ages increase systematically in higher and older terraces in terrace flights, it is
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possible that these maximum depositional ages may approximate true depositional ages; they
thus provide some of the best constraints on hypotheses for incision rates through time
(Aslan et al., 2019). The confidence in the maximum depositional ages derived from the
youngest detrital sanidine grains increases when more grains of a given young population are
found, but even when n=1 young grain, our experience indicates that additional analyses
generally produce more grains of that age such that we report n=1 results with reasonable
confidence that they provide useful constraints that can be further tested (see discussion in

Heizler et al., 2021 and Schaen et al., 2020).

RESULTS
Terrace Characterization
This section describes a synthesis of new and published data for flights of terraces,

working upstream from eastern Grand Canyon, through Marble Canyon, Glen Canyon, the
San Juan- Colorado river confluence, middle reaches of the San Juan River, and the Animas
headwater tributary to the San Juan River. Several dating methods were previously used to
estimate the ages of terraces. Previously published ages are reported in this section whereas
new detrital sanidine results are reported in the next section. Figure 3 summarizes terrace
heights and published ages for ten reaches; for terraces reported with height ranges we plot

the maximum terrace height. More complete data are compiled in DR Table 1.
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Figure 3 - Terrace correlation from previous workers compared to new, compiled, and dated
terraces. Maximum heights of terrace ranges are shown. Bedrock strath heights above river
level are plotted here for consistency with other reaches rather than bedrock strath heights
above modern bedrock strath below river level as reported in Crow et al. (2014). Two major
terraces, those containing 0.63 Ma Lava Creek B grains (orange) and terraces containing 1.2
Ma grains (green) are connected with orange and green dashed lines. This pair of terraces is
about twice as high above the river in the Glen Canyon to San Juan confluence area (reaches
4 and 5) and in the Animas headwaters area (reaches 10 through 12) of the San Juan River
relative to eastern Grand Canyon and Lees Ferry (reaches 1 and 2) and across the Colorado
Plateau on both Colorado and San Juan rivers (reaches 5 through 9). Available age control
suggests steady average incision rates in most reaches over the past 1.2 Ma but markedly
different rates reach to reach. This indicates that terrace correlation at the regional scale
cannot be based on terrace height above the river.

Eastern Grand Canyon: Eastern Grand Canyon incision rates were calculated
previously from terrace flights at Kwagunt, Palisades, and Tanner side canyons, from river
mile 57 to 69 (river miles are measured downstream from Lees Ferry). Terrace correlation

and numbering (M1 to M7 refer to mainstem terraces) is from Anders et al. (2005). U-series

14



dates on travertine clasts and infillings combine to give direct ages on many terraces, and a
strath-to-strath regression for M1 to M5 shows steady average incision rates of 160 m/Ma
over the past 623 ka and perhaps for the past 2.68 Ma based on speleothem dating near RM
57 (Crow et al., 2014, their Figure 6). We test and build on the long term incision rate by new
detrital sanidine dating of the highest preserved terraces (M9 at 172 m above river level) in

eastern Grand Canyon near Unkar Rapids (RM 70), as described below.

Marble Canyon: Marble Canyon terraces of the Colorado River near Lees Ferry
(Billingsley and Pierce, 2013) are plotted in Figure 3 using the terrace terminology of
Pederson et al. (2013) and depicted in Figure 4. These workers reported optically stimulated
luminescence (OSL) and terrestrial cosmogenic nuclide (TCN) results for terraces M1 to M5,
with ages ranging from 23 ka to 142 ka and reported an incision rate of 350 m/Ma over the
past 150 ka. Higher terraces were undated but extend to heights up to 189 m Above River
Level (ARL) at Lees Ferry and 293 m ARL on the Kaibab rim of Marble Canyon. We
applied detrital sanidine dating to the highest (M9) Johnson Mesa terrace (189 m ARL;

shown by the yellow star in Figure 4) to test longer term average incision rates.

15



Lees F
a * er
.\onso“ W %

m
o
=
==
g
=
=
@

Figure 4 - Terrace maps and dated samples for upper Marble Canyon of Colorado River, RM
0 to ~ 8) generalized from Billinglsey and Preist (2013) with lower Lees Ferry terraces from
Pederson et al. (2013); also shown in a view looking south (photograph from Gary Ladd).
Star on both maps is location of Johnson Mesa sample (MAR-3). Terrace heights are plotted
above river profile in Figure 3, column #2.

Little Colorado River terrace heights were summarized by Cooley (1969, his Table 5)
with age control summarized by Karlstrom et al. (2017). Most notably, these include the 57
m ARL strath and gravels beneath the 342 ka Tappan basalt flow and 172 m strath and
gravels beneath the 890 ka Black Point basalt that yield incision rates of 167 and 193 m/Ma,
respectively. Although less well constrained due to different projection interpretations, the
height of the < 1.9 Ma Crooked Ridge paleoriver above the Little Colorado River yields
incision rates of 188-213 m/Ma relative to the confluence of the Little Colorado River and
Moenkopi Wash (Karlstrom et al., 2017, their Figure 14) or 150 m/Ma relative to the profile
of modern Moenkopi Wash (Heizler et al., 2021, their Figure 11). Collectively, these data

suggest steady average incision rates that may be somewhat faster than rates in Eastern
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Grand Canyon (Figure 3) and suggest an acceleration of incision in the past 2 Ma in the

lower Little Colorado River, below its prominent knickzone (Karlstrom et al., 2017).

Glen Canyon: Glen Canyon terraces of the Colorado River in the area now flooded
by lower Lake Powell are depicted in Figure 5 (in part from Billingsley and Pierce, 2013).
These were undated prior to our detrital sanidine sampling which included the highest
terraces at Page airport and Wahweap Marina (up to 323 m ARL), Cummings Mesa (280 m
ARL), and Antelope Point (188 m ARL). The maximum filling of Lake Powell in 1980 is
recorded by a bright white “bathtub ring” stain made by a thin carbonate coating that
provides a horizontal datum at an elevation of 1126 m (Figure 6). The depth of the lake
varies from ~132 m (as of 2021, ~41 m below maximum depth) at Glen Canyon Dam to zero
where the lake meets the inflowing San Juan and Colorado rivers. Our datum for estimating
incision rates is based on the Birdseye et al. (1922) survey of the pre-Dam river profiles for
reporting the pre-Dam height of terraces ARL, with current heights measured relative to the
1126 m elevation of the top of the “bathtub ring”. Terraces below this “bathtub ring” have
mostly been flooded by Lake Powell and those that have been re-exposed by low lake levels
were generally not used for this study to eliminate the possibility of lake-reworked grains.
Sampling was conducted in the spring of 2017, 2020, and 2021 that included Colorado River

terrace sands with a range of terrace heights ARL from 112 m to 370 m (Figure 5).
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Figure 5 - A) Terrace maps and dated samples for Glen Canyon of the Colorado River,
above Glen Canyon Dam and below the San Juan confluence. B) Profile view relative to both
pre-Dam river elevation (blue line) and Lake Powell maximum water level (white line) for
both the Lees Ferry area and Marble and Glen Canyon, columns #2 and #4, respectively, in
Figure 3.

San Juan- Colorado River confluence: Terraces near the Colorado-San Juan river
confluence (Figure 6) include the Cha surface pediment on the north side of Navajo
Mountain that interfingers with river gravels at a height of 243 m ARL and lower terrace
straths present at 199 and 143 m ARL. Garvin et al. (2005) reported '°Be cosmogenic surface
ages of 581 + 130 ka for the Cha surface (at 4103-foot hill) and 266 + 60 Ma at Oak Island,
as well as 340 + 54 and 222 + 85 ka U-series ages on pedogenic carbonates from these
gravels. This led to a hypothesis for very high incision rates of 400-700 m/Ma for these
terraces. Karlstrom et al. (2013) considered these ages to be minima and hence incision rates
to be maxima for the terrace straths as can be tested by the new detrital sanidine results

presented below. Willis (2004) also mapped terraces at the Colorado-San Juan River

confluence region and up the San Juan River as summarized in Table DR-1.
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Figure 6 - A) Stacked high terraces in Oak Bay near the Colorado-San Juan river confluence
include a location where the Cha surface pediment on the north side of Navajo Mountain
interfingers with river gravels, an intermediate terrace on Oak Island, and a terrace just above
the level of the bathtub ring in Oak Bay at 143 m ARL. B) Profile view of sampled terraces
near the confluence, also shown in column #5 in Figure 3.

Colorado River above San Juan-Colorado River confluence: In upper Lake
Powell terraces are present on the Colorado River near Annie’s Canyon (area 6 of Figure 3)
and Bullfrog Marina (area 7). Previous dating has led to conflicting interpretations. Pederson
et al. (2013, their Figure 4) used TCN rates of 420-450 m/Ma over the past few hundred
thousand years from Glen Canyon to Canyonlands (Davis et al., 2001; Garvin et al., 2005;
Marchetti and Cerling, 2005; Cook et al., 2009; Burnside, 2010) to propose a “central

Colorado Plateau bull’s-eye of rapid incision” centered near the Henry Mountains. Darling et

al. (2014) published an 2°Al/'°Be cosmogenic burial age of 1.5 Ma age for a 189 m side-
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stream terrace giving an incision rate of 126 m/Ma. A reanalysis of the 26Al1/'°Be cosmogenic
burial isochron was done that excluded an outlier of the isochron; this yielded a new age of
0.92 + 0.30 Ma, with an MSWD of 0.13, giving a new incision rate of 205+67 m/Ma
(unpublished, Granger, D., 2021). Karlstrom et al. (2013) cited the 1.5 Ma cosmogenic burial
age and suggested that the apparent bullseye reflected only short term incision rates.
Additional DS dating of the Annie’s Canyon and Bullfrog terraces can help test these

alternatives.

San Juan River above Colorado River confluence: In upper Lake Powell, terraces
are present at the Great Bend (area 8) and there are locally extensive terraces at Mexican Hat
and Bluff (area 9). Wolkowinsky and Granger (2004) published an 2°Al/!°Be cosmogenic
burial age of 1.36 + 0.20/-0.15 Ma age for gravels that overlie the 151 m terrace strath near
Bluff giving a bedrock incision rate of 110 +12/-16 m/Ma. This was refined by Heizler et al.
(2021) who reported an “°Ar/*’Ar detrital sanidine age (a maximum depositional age for the
terrace) of 1.199 +/- 0.008 Ma for this same gravel yielding an incision rate of >125 m/Ma.

Additional terrace samples were taken in these locations, plus at Mexican Hat, UT.
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Figure 7 - Terraces at Bluff and Mexican Hat on the San Juan River and at Bullfrog Marina
on the Colorado River test the incision rates of these rivers as they cross the central Colorado
Plateau. Note that the 0.9 Ma age of the Bullfrog Marina terrace is modified here from the
originally reported age of 1.5 Ma (Darling et al., 2012).

Animas River/ Upper San Juan River: In the headwaters of the San Juan River,
Figure 8 shows terrace mapping along Animas River simplified from Gillam (1998). The
lower reaches are near the confluence between the Animas and San Juan rivers near
Farmington, NM, and the upper reaches extend up the Animas Valley north of Durango and
into the Needle Mountains. Eight different groups (ages) of terraces were correlated within
the Animas Valley along with four differentiated subgroups that were characterized by lateral
continuity, height differences between horizontally eroded bases, and degree of soil

development. Gillam (1998) reported that the 0.630 Ma Lava Creek B ash (date of Jicha et

al., 2016) overlies and is present within the t4a and t4b terraces. These terraces diverge

21



significantly upstream indicating upstream rates of > 200 m/Ma relative to downstream rates

of 130 m/Ma, as shown in Figure 8. Additional detrital sanidine samples were collected to

further test this hypothesis.
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Figure 8 - A) The Animas Valley from the San Juan-Animas River confluence near
Farmington, NM, to Durango, CO. Terraces mapped by Gillam (1998) were digitized in
ArcGIS and labeled from youngest t7 to oldest tbt. Terrace t8 is north of Durango and not
included in this map. B) River profile of the Animas River from Farmington, NM, to
Durango, CO. Terrace t4ab is directly overlain by Lava Creek B ash (630 ka; cf. Jicha et al,
2016); its strath is estimated using 10 m USGS DEM elevations and maximum local gravel
thicknesses at the north end of Florida Mesa, southern end of Florida Mesa, near Cedar Hill,
NM and Farmington, NM. Other terrace group heights are estimated using a 10m USGS
DEM and geographic location based on Gillam (1998). Terrace ages were estimated by
Gillam (1998): t4ab terrace heights and estimated river incision imply that terraces diverge
upstream and incision rates increase upstream from 130 m/Ma to 237 m/Ma.
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Detrital Sanidine Results

Table 1 - RIVER TERRACES DATED WITH DETRITAL SANIDINE IN THIS

STUDY

Strath height above Minimum
GPS i Age of #of Total#of . .,
Map . . . . > Birdseye et al (1920) . incision rate
Sample # River Name Location Latitude Longitude  Elevation N youngest Error1o (Ma) MSWD  youngest  grains dated ) )
name (m) paleo nv:Erand grain(s) (Ma) grain (n) ™) relative to river
modern river (m) (m/Ma)

K17-73 K-73 LC  Unkar below Basalt Canyon 36.07111 -111.88168 934 172 1.212 0.026 NA 1 475 142
K16-MAR-3 MAR-3 LC  Johnson Mesa 36.86211 -111.61338 1139 189 1.329 0.009 2.75 2 153 142
K20-POW-27 P-27 LC  Wahweep Bay High: View Point 36.96684 -111.49930 1280 323 74.5 0.2 2.8 2 97 4

K17-POW-18  P-18 LC  Page Airport 36.93373 -111.44632 1282 325 1.203 0.036 5.66 5 57 270
GLG-CT GLG-CT LC  Antelope Point 36.965 -111.436 1145 188 0.768 0.044 NA 1 435 245
K20-POW-26  P-26 LC  Cummings Mesa 36.99244 -111.39019 1246 280 1.232 0.016 0.50 3 162 227
K20-POW-24 P-24 LC  5.4102 Oak Bay #1 37.19630 -110.893388 1200 243 3.342 0.059 NA 1 354 73
K21-POW-32  P-32 LC  S.4103 Oak Bay #2 37.118993 -110.96358 1224 243 1.237 0.034 0.88 3 239 197
K17-POW-7A  P-7 LC  Oaklsland 37.12543 -110.95294 1142 199 1041 0.20 NA 1 145 19
K20-POW-25 P-25 LC  Low Oak Bay 37.11611 -110.95922 1105 143 0.627 0.012 2.170 1 150 228
K17-POW-14  P-14 LC  Hidden Passage 37.16824 -110.93148 1132 149 0.679 0.006 1.140 a7 220 219
K21-POW-33  P-33 UC  Hole in the Wall Low 37.24754 -110.8833 1090 112 0.682 0.012 164 8 196 164
K21-POW-34  P-34 UC  Hole in the Wall High 37.25084 -110.88098 1132 149 0.628 0.005 1.20 23 206 237
K21-POW-28  P-28 UC  Annie's Canyon Low 37.35656 -110.73051 1145 145 0.636 0.006 173 17 208 228
K21-POW-35 P-35 UC  Annie's Canyon High #1 37.36657 -110.74237 1355 370 1.618 0.010 1.92 9 218 229
K21-POW-37 P-37 UC  Annie's Canyon High #3 37.3712 -110.74116 1341 334 1.504 0.015 NA 1 275 222
K21-POW-39  P-39 UC  NearLake Canyon High 37.43126 -110.7139 1238 221 8.033 0.064 NA 1 253 28
K21-POW-41 P-41 UC  Near Bullfrog Marina Low 37.47029 -110.72921 1152 168 0.634 0.028 213 3 42 265
k21-POW-42  P-42 uc  Bullfrog Marina 37.520 -110.700 1200 189 34.04 0.14 NA 1 126 6

K21-POW-29 P-29 SJ  SJRBig Bend High #1 37.26361 -110.69614 1202 118 1.221 0.019 NA 1 199 97
K21-POW-31 P-31 sJ SJR Big Bend Low #3 37.26667 -110.70048 1127 51 7.42 0.06 NA 1 286 7

SJR21-MH-1  MH-1 S Mexican Hat High 37.15%45 -109.88114 1373 140 1.236 0.016 1.67 5 258 113
SJR21-MH-3 MH-3 s) Mexican Hat Low #2 37.15357 -109.8621 1322 82 0.640 0.034 NA 1 230 128
SJR-DZDs-2 SJR-2 S)  Bluff Gravel Quarry 37.2982 -109.54904 1453 151 1.208 0.008 1.580 14 256 125
MA20-ANI-4  A-4 A slane Knob; Gillam (1998) tlu 36.82319 -107.86655 2065 334 8.45 0.10 NA 1 144 40
MA20-ANI-6  A-8 A Arch Rock Canyon: Gillam (1998) t4b 36.89795 -107.88161 1865 7 16.128 0.056 NA 1 136 6

MA20-ANI-5  A-5 A Cedar Hill area; Gillam (1998) t2f 36.9827 -107.89297 2057 260 9.50 0.12 NA 1 95 27

LC = Lower Colorado River below Colorado-San Juan River confluence; UC =Upper Colorado River above Colorado-San Juan River confluence; SJ =San Juan River; A = Animas River

We present new detrital sanidine results for twenty-seven samples extending from the
eastern Grand Canyon, up the Colorado and San Juan Rivers, to the Animas headwaters
(Table 1). We dated over 5000 individual sanidine grains and obtained post- 2 Ma grains that
provide new maximum depositional ages for 18 of the terraces. A comparisons of detrital
sanidine spectra collected from the twenty-seven samples show sanidines dominated by ages
of 40 — 20 Ma derived from the San Juan volcanic field (Figure 9). Young grains (< 2 Ma)
that can constrain the maximum depositional ages were found in eighteen of the twenty-
seven terraces (Table 1). The most common ages of the youngest grains were ~1.2 and ~0.6
Ma (Figure 10a and b). Figure 3 shows the terraces that contain either the ~1.2 Ma grains (in
green) or the ~0.6 Ma grains (in orange). Also, Figure 3 interpolates where the ~0.6 and ~1.2

Ma terraces may be between other dated terraces. A first-order conclusion from this paper is
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that each reach shown in Figure 3 has a different terrace “barcode” and that terraces with the
same youngest grains, that are likely temporally correlatives, are at very different heights

above the river.
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Figure 9 - Summary of 0-50 Ma detrital sanidine (DS) grains from the study area. The
relative probability (left column) and cumulative number of DS grains (right column) for
each sample is listed from downstream terraces (a) to upstream terraces (x). Animas samples
in both columns (row x) are grouped together because they had very few DS grains and none
younger than 6 Ma. Sample P-27 is not listed because there were no grains younger than 70
Ma. Note the prominent modes in all samples between 20 — 40 Ma. ‘n’ depicts number of
grains defining the youngest population of dates whereas ‘N’ denotes total number of grains
between 20 and 40 Ma.
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Figure 10 — A) Relative probability plots of *°Ar/*®Ar analyses for youngest grain
populations. The x-axes show age from 0.3 — 2.0 Ma and the distribution of sanidine ages per
sample. Relative probability, number of grains analyzed, and K/Ca ratios are stacked on the
Y-axes. Note the prominent modes at ~0.6 — 0.77 and ~1.2-1.3, and ~1.5-1.6 Ma that are
used to correlate terraces from eastern Grand Canyon to the San Juan Mountains along the
Colorado and San Juan Rivers. Unfilled symbols show grains that were omitted from the DS
maximum depositional age calculation. B) Summary of 18 terraces with new DS maximum
depositional ages. C) Schematic sketch of dated terraces in Glen Canyon (fast incision reach)
showing heights of terraces and limited extent of grain recycling of young grains into lower
terraces; main populations of young grains are (2.0, 1.6, 1.2, 1.0, 0.8, and 0.6 Ma)

Eastern Grand Canyon: A sample from the 172 m ARL terrace near Unkar Rapids

(RM 70) in eastern Grand Canyon yielded a youngest detrital sanidine grain of 1.212 £ 0.026
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Ma (n= 1) that gives an incision rate of >142 m/Ma measured from river level, or >163 m/Ma
measured from the ~25 m depth to bedrock beneath the Colorado River as calculated from
strath-to-strath regression of nearby terraces (Crow et al., 2014). This supports models where
eastern Grand Canyon has been incising at a steady average incision of ~ 160 m/Ma for the

past 1.2 Ma, and perhaps for the past 2.68 Ma (Polyak et al., 2008; Crow et al., 2014).

Marble Canyon: MAR-3, the M9 terrace of Pederson et al. (2013), has a strath 189
m ARL near Lees Ferry on Johnson Mesa; it yielded youngest detrital sanidine grains of
1.329 £ 0.009 Ma (n=2) that give an incision rate of >142 m/Ma measured from river level
and 155 m/Ma using the 17-m depth to bedrock known at Glen Canyon Dam (Karlstrom et
al., 2007). M7 (Pederson et al., 2013), 80 m ARL near Cathedral Wash, and lower Johnson
Mesa and Qg15 (Billingsley and Priest, 2013), 293 m ARL near Badger rapids are priority
targets to further test for steady incision in the Lees Ferry reach of upper Marble Canyon.

These sites were visited, but their thin gravel deposits could not be sampled.

Glen Canyon: There are four new detrital sanidine results for the Colorado River
through Glen Canyon, below the Colorado-San Juan river confluence area and above Lees
Ferry. About 750 individual sanidine grains were analyzed from these terraces. These four
terrace samples are P-18, GLG-CT, P-26, and P-27. The youngest population of grains dated
in P-18 (Page Airport) gave an MDA of 1.203 £+ 0.036 Ma (n=5) for an incision rate of >270
m/Ma. GLG-CT (Antelope Point) yielded a grain at 0.768 + 0.044 Ma (n=1) for an incision
rate of >245 m/Ma. The youngest population of grains dated in P-26 (Cummings Mesa) gave
an MDA of 1.232 + 0.016 Ma (n=3) for an incision rate of >227 m/Ma. P-27 did not yield

any grains younger than 70 Ma.
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San Juan- Colorado River confluence: There are seven new detrital sanidine results
for the San Juan-Colorado River confluence area. The seven samples analyzed were P-7, P-
14, P-24, P-32, P-25, P-29, and P-31. P-7 produced no grains younger than 10 Ma. The
youngest population of grains dated in P-14 (Hidden Passage) gave an MDA of 0.679 +
0.006 Ma (n=47) for an incision rate of >219 m/Ma. The youngest grain dated in P-24 (S.
4103 Oak Bay #1) is 3.5 Ma (n=1) but the sample was mostly dominated by grains older than
10 Ma. The youngest population of grains dated in P-25 (lowest in Oak Bay) give an MDA
0f 0.627 + 0.012 Ma (n=11) for an incision rate of >228 m/Ma. P-32 is a resampling of P-24,

the highest terrace in Oak Bay at 243 m ARL. The MDA for P-32 is 1.237 £ 0.034 Ma (n=3).

Above San Juan-Colorado River confluence to Bullfrog: There are eleven terrace
samples from above the San Juan-Colorado river confluence to Bullfrog Marina at Lake
Powell. The samples are P-28, P-33, P-34, P-35, P-36, P-37, P-38, P-39, P-40, P-41, and P-
42. Near Annie’s Canyon P-28, P-35, P-36, and P-37 range from 145 m to 370 m ARL. P-28,
a 145 m terrace, yielded an MDA of 0.636 = 0.006 Ma (n=17) with an incision rate of > 227
m/Ma. The MDA for P-35, a 370 m terrace was 1.618 = 0.010 Ma (n=9) for an incision rate
of > 228 m/Ma. P-37, a 334 m terrace, yielded an MDA of 1.504 = 0.015 Ma (n=1) for an
incision rate of > 222 m/Ma. P-33 and P-34 are near Hole in the Wall at Lake Powell at 112
m and 149 m ARL, respectively. P-33 yielded an MDA of 0.682 + 0.012 Ma (n=8) for an
incision rate of >164 m/Ma. P-34, the higher terrace at Hole in the Wall, yielded an MDA of
0.628 + 0.005 Ma (n=23) for an incision rate of >237 m/Ma. P-38 and P-39 are near Lake
Canyon at Lake Powell at 116 m and 221 m ARL, respectively. P-38 was not analyzed for
this study and P-39 did not yield any grains younger than 8 Ma. P-40 and P-41 are near

Bullfrog Marina at 183m and 163 m ARL, respectively. P-40 was not analyzed for this study.
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P-41, the 168 m terrace, yielded an MDA of 0.63 + 0.03 Ma (n=3), for an incision rate of >
266 m/Ma. P-42 is from the Darling et al. (2012) site near Bullfrog airport at 189 m ARL. P-

42 had scarce sanidine and only yielded a youngest grain at 34.04 Ma.

Mexican Hat to Farmington: The previously dated 151 m terrace, SJR-2, in Bluff,
UT yielded cosmogenic burial isochron age of 1.36 +0.20/-0.15 Ma (Wolkoinsky and
Granger, 2014) and was also re-dated by Heizler et al. (2021) using detrital sanidine that
yielded a MDA of 1.208 = 0.008 Ma (n=15). This DS-derived MDA gives a minimum
incision rate of >125 m/Ma that more precisely confirms the relatively slow rates proposed
by Wolkoinsky and Granger (2004). These rates are also in agreement with rates of ~ 130
m/Ma in the past 0.63 Ma determined at Farmington, NM (Gillam, 1998) and support models
for semi-steady incision in this reach over the past 1.2 Ma. At Mexican Hat, MH-1 and MH-
3, with terrace heights ranging from 70 m to 140 m, were collected to further test for steady
incision across the Monument uplift between Bullfrog and Mexican Hat. MH-1, a 140 m
terrace, yielded an MDA of 1.236 = 0.016 Ma (n=5), for an incision rate of >113 m/Ma. MH-
3, an 82 m terrace, yielded an MDA of 0.640 + 0.034 Ma (n=1), for an incision rate of 128

m/Ma.

Animas River/ Upper San Juan River: The Animas terrace samples we dated are
ANI-4, ANI-5, and ANI-6 (Figure 3) with ~370 grains analyzed, collectively. In general K-
feldspar grains were only somewhat clear with subtle microtextures when viewed while
picking and, as supported by the abundance of Precambrian grains, most of the crystals were
orthoclase rather than sanidine. In the Animas River valley samples, the vast majority of

grains are older than 600 Ma and none yielded detrital sanidine ages less than 2 Ma. Sample
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ANI-4, a 334 m terrace had a youngest grain at ca. 8.5 Ma while ANI-5 had a youngest grain
at ca. 9.5 Ma. Sample ANI-6 underlies the 0.630 Ma Lava Creek B ash and despite the lack

of young DS grains, this age represents its likely depositional age.

INTERPRETATION AND DISCUSSION

Interpretation of maximum depositional ages

Detrital sanidine dating of river terraces provides evidence for the degree of grain
recycling from higher to lower terraces at locations along the Colorado and San Juan River
systems. To evaluate recycling effects on DS MDAs, the terrace locations, their positions
ARL, and the youngest grain ages for each terrace are shown in Figure 10a, b and c. There
are two locations along the Colorado and San Juan River systems within the study area that
show older grains recycled into lower terraces. 1) At the terminus of Glen Canyon, near Glen
Canyon Dam, samples P-18 (325 m) and P-26 (280 m) that both contain young grains of
about 1.2 Ma yet if you apply the steady incision rate of ~250 m/Ma, the higher terrace could
be ~ 180 ka older. When the MDA for the higher terrace is either younger or has the same
MDA as the next lower terrace, the higher terrace must be closer to the age of the young
grain. Therefore, near Glen Canyon Dam, the 325 m terrace (P-18) represents the maximum
depositional age at 1.2 Ma. 2) In Glen Canyon near Hole in the Wall, samples P-34 (149 m)
and P-33 (112 m) both contain grains of about 0.63 Ma and using similar reasoning and a rate
of 220 m/Ma the higher terrace could be ~ 170 ka older and the 149 m terrace (P-34) more

closely approximates the 0.63 Ma Lava Creek B terrace.
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However, the degree of recycling across the region is limited (Figure 10). The only
terraces that contain both 1.2 and 0.6 Ma grains are P-14 and P-33. In most other areas, six of
the ~0.6 Ma terraces do not contain 1.2 Ma grains and only three of the 1.2 or 0.6 Ma
terraces contain grains from 2.3 to 2.7 Ma, and none contain the 2.0 Ma grains that are so
abundant in the White Mesa Alluvium (Heizler et al., 2021). Our interpretation of this
observation is that distribution of ash is greatest at or shortly following the time of a given
eruption and the ash does not widely persist in the landscape or river system to be readily
recycled into younger terraces. Thus, especially for terraces with numerous grains of the
same age such as P-25, P-14, P-34, P-28, and SJR-2 the maximum depositional ages are

likely to be close to the true depositional ages of the terraces.

Comparison of different age dating methods for river terraces

The likelihood that MDAs approximate true depositional ages (perhaps within 100-
200 ka) is also supported in terrace flights where multiple dating methods have been applied.
In eastern Grand Canyon, direct dating of terrace flights was done using U-series dating of
both travertine clasts and infillings in gravels. A strath-to-strath regression of the age-height
relationships from river miles 57 to 69 shows steady incision at 160 m/Ma relative to the
modern bedrock under the river that also may apply over the past 2.68 Ma (Polyak et al.,
2008; Crow et al., 2014). Our new MDA of 1.212 + 0.026 Ma (n= 1) from the 172 m ARL
terrace near Unkar Rapids (RM 70) in eastern Grand Canyon gives a similar incision rate of

>163 m/Ma compatible with the MDA approximating the true depositional age.

26A1/'°Be cosmogenic burial ages of river deposits represent direct dates on the time

of deposition because the estimated age represents the time since the sediment was buried
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(Granger, 2006). When this method is combined with detrital sanidine ages for the same
terrace, the DS MDA is often within 2-sigma error of the direct cosmogenic burial age. For
example, at Bullfrog Marina along the Colorado River and at Bluff, Utah along the San Juan
River there are two locations that cosmogenic burial ages and DS MDAs can be compared.
The Bullfrog Marina 189 m terrace gives a direct cosmogenic burial isochron age of 0.92 Ma
+ 0.60 Ma (2-sigma). The 21-m-lower 168 m terrace gives a DS MDA of 0.63 + 0.06 Ma (2-
sigma). Thus, at 2-sigma uncertainty the age range of the 189 m terrace is 1.52 — 0.32 Ma.
However, 168 m terrace’s MDA gives an incision rate of >266 m/Ma. Applying this rate to
the 189 m terrace predicts a depositional age of ~0.7 Ma on the 189 m terrace, which is
within error of the 0.92 Ma cosmogenic burial age and overall supports that the DS MDA is

an approximation of the depositional age of the 168 m terrace.

At Bluff, Utah, Wolkowinsky and Granger (2014) dated the 150 m terrace and
determined a 2Al/!’Be cosmogenic burial age of 1.36 +0.20/-0.15 Ma (2 sigma). This is
within error of the new 1.208 +/- 0.016 Ma (2 sigma) “°Ar/*°Ar detrital sanidine MDA for the
same gravel. The age range for deposition of this terrace that is compatible with both
methods at 2- sigma would be 1.224 to 1.21 Ma. This comparison also indicates that the DS

data provide a close estimate of the depositional age for this terrace.
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Terrace correlation using detrital sanidine provenance and age

Detrital sanidine results show that terraces along the San Juan and Colorado rivers
contain several major age populations of young grains, with modes of approximately ~0.63
Ma, ~1.2 Ma, and 1.6 Ma (Figure 10). Seven terraces in the various study areas have 0.63-
0.77 Ma sanidine grains and two additional terraces in the Animas River Valley contain the
ca. 630 ka Lava Creek B tephra (Figure 3). Five of the terraces have ~1.2-1.3 Ma sanidine,
cosmogenic burial ages are ~1.36 Ma (Wolkowinsky and Granger, 2004) and ~0.9 Ma

(Darling et al., 2012; unpublished, Granger, D, 2021), and two terraces have 1.6 Ma grains.

Pleistocene felsic caldera eruptions in western North America that covered the study
area with ash are shown in Figure 11a. These eruptions include the 630 ka Lava Creek B,
1.30 Ma Mesa Falls, and 2.1 Ma Huckleberry Ridge ashes from Yellowstone, 0.77 Ma
Bishop Tuff from Long Valley caldera in California, and 1.23 and 1.61 Ma upper and lower
Bandelier Tuffs in New Mexico. Additional potential sanidine sources include the San
Francisco Peaks and Mount Baldy volcanic fields of Arizona, but neither of these has been
well characterized. The grain size of most of the DS grains is 250 - 150 microns thus raising
the possibility that sanidine grains in the terraces are directly from ash fall tephra that was
deposited contemporaneous with terrace formation or from direct drainage connection to
volcanic source rocks. In Figure 11b, upper Bandelier DS grains from two separate samples
show a normal distribution of grains at 1.233 Ma with some older grains that are either
xenocrystic or contain variable amounts of excess argon hosted in melt inclusions, implying
that a single tuff can be the source for more than one age of sanidine. This may also be

recorded in the DS spectra such as sample SJR-2 where there is a skewed population of ca.
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1.2 Ma ages with variable K/Ca values. Interestingly, P-14 has a strong population (n=47) of
DS grains with a weighted mean age of 0.679+0.006 Ma that does not match the age of Lava
Creek B but does have K/Ca values that are consistent with Lava Creek B tephra. This is
likely not a systematic analytical error in the DS data and thus could represent a large
population of ~0.68 Ma crystals from a more local source such as the San Francisco Peaks
volcanic field near Flagstaff, AZ. We note that P-33 also has a mode at 0.68 Ma based on
n=11 crystals. Sample GLG-CT produced a single sanidine grain with a date of 0.768 Ma and
K/Ca value of near 60, which are a good match with the Bishop Tuff. Sample MAR-3
produced a DS MDA of 1.329 Ma, which is significantly older than the 1.23 Ma upper
Bandelier Tuff and could represent the Mesa Falls Tuff from Yellowstone. Interestingly, the
large eruption associated with the Huckleberry Ridge Tuff (2.1 Ma), is not represented in this
dataset nor in other regional studies (i.e., Heizler et al., 2021). The eruptive source for the
large population of ~2.0 Ma grains identified in the White Mesa Alluvium (Heizler et al.,

2021) is presently unknown.
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L. Age-Probability Spectra from Upper Bandelier tephra
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Figure 11 — A) Pleistocene felsic caldera eruptions in western North America that include
sources from Yellowstone, Valles, and Long Valley calderas (black dots). The extent of
contributing Yellowstone caldera eruptions includes Huckleberry Ridge, Mesa Falls, and
Lava Creek B (Izett and Wilcox, 1982). The extent of Long Valley caldera eruptions includes
the Bishop Tuff (Hildreth, 1979). The extent of contributing eruptions from the Valles
Caldera includes the upper and lower Bandelier Tuff (Goft, 2010). Locations of the San
Francisco Peaks and Mt. Baldy (red triangles) are among other potential sources of eruptions.
Colorado River and major tributaries are shown by blue lines; the study area is highlighted in
red. B) Relative probability spectra and “°Ar/*’ Ar DS analyses of youngest grain populations
for the 1.23 Ma Bandelier Tuff (Zimmer, 2021, unpublished). Age in millions of years on the
x-axes, relative probability, number of grains analyzed, and K/Ca ratios stacked on the Y-
axes. Plots show sanidine ages with significant scatter, from 1.1 to 1.58 Ma, for two separate
upper Bandelier Tuff samples.

Climatic influences on terrace development

Shifts between glacial and interglacial conditions and corresponding changes in water
volume and sediment discharge are generally believed to influence fluvial terrace formation
(Macklin et al., 2002; Bridgland and Westaway, 2008). Well documented glaciation in the
headwaters of the Colorado and Animas-San Juan rivers (Guido et al., 2007; Johnson et al.,
2017) makes it likely that climatic influences have affected terrace development at least to
some degree in the study area. However, the compilation of mapped terraces and our

proposed correlations based on the new DS MDAs suggest that connections between climatic
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cycles and terrace formation and preservation in the study areas are complicated. For
example, Figure 3 shows that at sites ranging from eastern Grand Canyon to the Animas
River valley the number of terrace levels that are younger than ~0.6 Ma range from ~4 to 11
and that the number of levels that are younger than ~1.2 Ma range from ~6 to 16. This wide
range of mapped terrace levels and the lack of any consistency or systematic change in the
number of terrace levels upstream or downstream along the Colorado-San Juan River system
strongly suggests that the different terrace levels have not formed simply in response to

glacial-interglacial climate cycles.

Westaway et al. (2009) as well as other workers suggest that climatic effects on
fluvial terrace development are best observed by comparing ages of terraces and Late
Cenozoic climate events. For example, studies suggest that the ca. 3 Ma Mid-Pliocene
climatic optimum (MPCO) (Van den Berg and Van Hoof, 2001; Westaway, 2001, 2002) and
the ca. 1 Ma Middle Pleistocene Transition (MPT) (Van den Berg and Van Hoof, 2001;
Antoine et al., 2007; Bridgland and Westaway, 2008) accelerated Late Cenozoic fluvial
incision and produced distinct down-stepping flights of fluvial terraces within well-defined
valleys globally. Figure 3 shows that most of the fluvial terraces in the study areas are
younger than 1.2 Ma. This observation could reflect effects of the MPT event - specifically
the transition to eccentricity-driven, large-amplitude ~100 ka glacial cycles. Similarly,
Figure 3 could be interpreted to suggest that all the fluvial terraces in the study areas are
younger than ~1.9 Ma. Long-term landscape denudation (lack of preservation) could explain
the absence of terraces older than ca. 2 Ma. Alternatively, pre-2 Ma terraces may not have
formed and terraces younger than ~2 Ma may reflect the advent of glacial-interglacial cycles

and their influence on river hydrology and sediment discharge. Additionally, the noteworthy
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presence of terraces with DS MDA of ca. 0.6 and 1.2 Ma across the study areas suggests
that there may be a connection between large-scale volcanic eruptions, landscape instability,
and fluvial terrace formation. For instance, the Yellowstone eruption that produced the 0.63
Ma Lava Creek B tephra occurred during MIS 16, which was a prominent glacial cycle
(Sarna-Wojckicki et al., 1987; Dethier, 2001). It is conceivable that the effects of the
eruption contributed to removal of vegetation and destabilization of the landscape, and thus
contributed to or amplified climatic influences on terrace development at this time. This
would help explain why there are a significant number of alluvial deposits in the western

U.S. that contain the Lava Creek B tephra (Izett and Wilcox, 1982).

In summary, we suggest that the new DS MDAs lend some support to the idea that the <2 Ma
fluvial terraces in this region may record the effects of glacial-interglacial cycles. However,
additional age constraints are needed to better resolve the effects of climate on fluvial terrace

formation in comparison to other factors such as uplift.

Paleoprofile Synthesis

Our new incision rate synthesis within the Lees Ferry knickzone region, from eastern
Grand Canyon to above Lake Powell along both the Colorado and San Juan River, is shown
in Figure 12. Given the relatively common ~ 1.2 and ~ 0.6 Ma detrital sanidine ages we have
found in these terraces, Figure 12 reconstructs paleo-profiles for these two timeframes,
shown in green (1.2 Ma) and orange (0.6 Ma) relative to the modern river profile. In all
reaches where dates of both ages have been obtained, the MDAs are consistent with the inset
position of terraces, and the ~0.6 Ma paleoprofile is about half the height of the ~1.2 Ma

paleoprofile, lending support to previous incision studies that also show steady average
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bedrock incision rates in eastern Grand Canyon (Crow et al., 2014), the upper Colorado and
San Juan rivers (Darling et al., 2012; Heizler et al., 2021), and the Little Colorado River
(Karlstrom et al., 2017). This working hypothesis can be further tested with additional dating
of the numerous terraces shown in Figures 5, 6 and 7 and especially those shown by gray
bars in Figure 12 that either yielded no young grains or were especially difficult to sample so
that we were unable to get undisturbed sand from the terrace deposit. It also suggests a need

for additional incision data between Lake Powell and Canyonlands.

Between dated terraces, green and orange dots are the interpolated heights of the
position of the 0.6 and 1.2 Ma terraces using the incision rates shown and assuming the
MDA s approximate depositional ages. These paleoprofiles show that in the six areas where
there are data from multiple terrace heights (Fig. 12), incision rates have remained steady in
each of the reaches over the past ~1.2 to ~1.6 Ma. Rates at and below the Lees Ferry Kaibab
limestone knickpoint average 148 m/Ma relative to the river (160 m/Ma relative to bedrock);
rates on the Colorado River above the knickpoint are faster and range from 202-270 m/Ma
with an average of 237 m/Ma; and rates on the San Juan River 60-250 km above the

confluence show the slowest incision rates of 97 to 128 m/Ma with an average of 113 m/Ma.

These results are not compatible with the model of Cook et al. (2009) who predicted
non-steady rates as a transient incision wave passed a given point, at least not in the past
~500 ka as they used to illustrate the model. The data also do not support Pederson et al.’s
(2013, their Fig. 4) “bullseye of incision” in that our observed long-term rates are about half
their proposed 350-420 m/Ma rates measured over several hundred ka above the knickzone

and do not show a northward increase in incision rates. The data also do not support the
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model of Karlstrom et al. (2013) that relied on the Bullfrog cosmogenic age of 1.5 Ma to
propose that incision rates above the knickzone were substantially lower than below the

knickzone in Grand Canyon.
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Figure 12 — A) Colorado and B) San Juan River pre-dam river profiles (Birdseye et al.,
1922) showing terrace heights and locations. Blue (~ 1.6 Ma), green (~ 1.2 Ma) and orange
(~ 0.6 Ma) rectangles are dated Colorado River terraces, with height (m), age (Ma) and
incision rate (m/Ma), assuming MDAs approximate true depositional ages. The inset shows
the same age terraces on the San Juan River with height (m), age (Ma), and incision rate
(m/Ma). Grey rectangles are undated terraces. From left, new ages and incision rates for
Unkar area terrace of < 1.21 Ma yields > 142 m/Ma -- similar to steady incision of 160 m/Ma
documented in Palisades and Kwagunt areas using strath-to-strath regression (strath heights
at Palisades and Kwagunt indicated by yellow stars on orange incision arrow; Crow et al.,
2014). Lees Ferry terraces are from Pederson et al. (2013) and Billingsley and Priest (2013).
N-dipping Kaibab limestone (line with ticks, highly vertically exaggerated) emerges at Lees
Ferry and forms the rim of southward-deepening Marble Canyon that is overlain at various
heights by undated terraces. Lake Powell terraces from this study suggest a zone of >230
m/Ma incision rates for Page Airport area terraces at 0.6 and 1.2 Ma, and a zone of >200
m/Ma terraces near San Juan confluence at 0.6 Ma. Upstream rates are still high for Bullfrog
Marina at 210 m/Ma (189 m/0.9 Ma; Darling et al., 2012). B.) Incision rates up the San Juan
river are lower at Big Bend (118 m/1.2 Ma), Mexican Hat (140 m/1.2 Ma and 82 m/0.64
Ma), and Bluff at 125 m/Ma (151 m/1.2 Ma; Heizler et al., 2021) emphasizing the
anomalously high rates in the Lees Ferry knickzone and at the Colorado-San Juan River
confluence.
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Alternative models for the Lees Ferry knickzone

The major knickzone and convexity along the Colorado River profile at Lees Ferry at
the head of Grand Canyon marks a major change in river gradient between the lower
Colorado River and upper Colorado River basins. This knickzone has been variously
interpreted as: 1) a transient knickzone left from the 5 Ma integration across the Grand Wash
Cliffs (Pelletier, 2010); 2) a bedrock- influenced knickpoint located at the upper contact of
the resistant Kaibab Limestone (Cook et al., 2005; Pederson et al., 2013); and/or 3) a steady
state knickzone related to mantle-driven uplift (Crow et al., 2014). Figure 13 evaluates our
new paleoprofile data in the context of these different models and illustrates how measuring

long term incision rates from high terraces can help resolve debates about its origin.
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Figure 13 - Alternative hypotheses for Lees Ferry knickzone, given evidence for steady
incision at 160 m/Ma downstream (RM 57) and 125 m/Ma upstream. 1) A bedrock controlled
knickpoint would be fixed at the Kaibab Limestone contact, with faster steady incision below
and slower above, resulting in parallel paleoprofiles above and below this contact and a slow
upstream knickpoint migration of a few km/Ma. 2) A knickzone transient with higher
incision rates near it focused because of either: 2A) pre-integration paleogeography such as a
paleo Vermillion cliffs as suggested by the thermochronology data; or 2B) a wave of incision
that moves the knickpoint from position 1 to 2 to 3, perhaps instigated by Colorado River
integration across the Grand Wash cliffs (Cook et al., 2005) or from the edge of East Kaibab
paleocanyon, but our data would require such a transient knickpoint to have passed RM 57
before 1.6 Ma to 2.68 Ma (the latter based on the speleothem data). 3) Uplift of the
knickzone region would predict warping of paleoprofiles and resulting accelerated steady
incision in the uplifting region.
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Higher rates below than above the knickpoint (Figure 13, # 1) would be consistent
with the steeper river gradient below than above the knickzone and the notion that the
knickzone and double-concave profile of the greater Colorado River results from
downstream baselevel fall due to integration of the Colorado River system to the Gulf of
California. In this model, Grand Canyon and downstream reaches are responding to this
lowered baselevel, whereas the shallower river gradient and slower incision upstream of the
knickpoint reflect older landscapes that have not yet seen the lowered baselevel. Pelletier
(2010) modelled the late Cenozoic geomorphic evolution of the Grand Canyon and suggested
that migration of a knickpoint from Grand Wash fault to Lees Ferry would be compatible
with stream power laws and with a ~6 Ma Grand Canyon. His geomorphic model was similar
for either headward erosion or lake spill-over as the primary integration mechanism. The
model suggests an eastward-propagating knickpoint with a velocity of ~100 km/Ma that
resulted in rapid incision from westward Grand Canyon down to the level of the Redwall
Limestone from 6 to 4 Ma and eastern Grand and Marble Canyons from 4 to 2 Ma, triggering
a flexural-isostatic rebound of up to 350 m from the widening of the Grand Canyon.
However, this hypothesis fails to explain the observed semi-steady incision rates in several
reaches over the past 4 Ma (Crow et al., 2014) and now also fails to explain the higher

incision rates of > 237 m/Ma within the knickzone region above Glen Canyon Dam (Figure

12).

Cook et al. (2009) described the Lees Ferry knickpoint as a bed-rock influenced
transient and postulated a young pulse of rapid incision that is interacting with an upstream-
dipping knickpoint localized at the resistant Kaibab Limestone (Figure 13, #2b). Their

analysis suggested that a late pulse of rapid incision (for example during the past ~500 ka in
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their model) is observed upstream of the Grand Canyon based on the postulated high rates
reported by Marchetti and Cerling (2005), Cook et al. (2009), and Pederson et al. (2013) for
areas upstream in the vicinity of the Henry Mountains. Such high incision above the
knickzone, assuming it is not due to dating methods that produce minimum ages and hence
maximum rates (e.g. Karlstrom et al., 2013), was postulated to be related to the relatively soft
rocks above the knickpoint through which the incision wave could propagate while still being
hung up at the Kaibab contact. This hypothesis predicts non-steady incision as the wave
passes a given reach (Cook et al., 2009; their Fig. 12) and seems incompatible with observed
semi-steady incision that suggests that any major transient knickpoint migration could not
have passed through western Grand Canyon after 4 Ma, through eastern Grand Canyon after
1.2- 2.68 Ma, or through Glen Canyon in the past 1.6 Ma. The postulated strong bedrock
influence is also generally incompatible with steady rates through time in all reaches
measured so far regardless of the variations of bedrock strengths the river has incised through

in each reach over the past several million years (Crow et al., 2014).

Cook et al. (2009) noted down-turned tributary profiles near their confluence with the
Colorado River (e.g. the Little Colorado River), where the over steepened reaches imply 150-
200 m elevation drops that may reflect a pulse of young increased incision due to knickpoint
transience. The region outlined by down-turned profiles below tributary knickpoints
identified by Cook et al. (2009, Fig. 1) coincides in part with areas where we document
higher, but semi-steady, incision rates over the past 1.6 Ma. Models #2a and #3 in Figure 13
try to reconcile existing steady incision with limited transience of the Lees Ferry and Little
Colorado River knickzones (e.g. Karlstrom et al., 2017). Figure 13 #2a shows one possibility

suggested by the thermochronologic data (Figure 2), that there was a paleo-Vermillion cliffs
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at 5 Ma that was eroded in the past 5 Ma after integration of the San Juan to the Colorado
River such that isostatic rebound from differential erosion might add to downstream incision
magnitudes and rates (Lazear et al., 2013; Pederson et al., 2013). However, based on present
thermochronology data, it appears that the ~2 km magnitude of post-5 Ma denudation was
similar from Lees Ferry to the San Juan headwaters such that this model has difficulty
explaining the lower incision rates in the San Juan River near Mexican Hat and Bluff relative
to higher rates both upstream in the San Juan Mountains and downstream in eastern Grand

Canyon.

Our preferred model is shown in #3 of Figure 13 where the high incision rates in Glen
Canyon are explained by a pulse of young tectonic uplift that has warped 0.6 and 1.2 Ma
paleoprofiles along the Colorado River in the region between Lees Ferry and upper Lake
Powell. This region agrees reasonably well with the region of rapid young incision suggested
by the profile analysis of Cook et al (2009) and provides a tectonic mechanism to explain the
observed steady average differential incision. The wavelength of the proposed flexure with
an amplitude of ~100 m/Ma over a lateral distance of >200 km as seen in the reconstructed
paleoprofiles from incision rates is reasonable for an elastic thickness of 30 km, as shown by
isostatic modeling (Lazear et al., 2013). The lower rates of 113 m/Ma on the San Juan, in the
Mexican Hat to Bluff areas above the downturn in its profile, is possibly explained in terms
of the San Juan not yet being influenced by the lowered base level and young uplift that is
affecting the Colorado River. Similarly, post-5 Ma incision rates on the Little Colorado River
above its knickpoint have been steady at about 40 m/Ma (Karlstrom et al., 2017, their Fig.

14).
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Evaluating mantle-driven uplift

Based on thermochronologic data (Hoffman, 2009; Mckeon, 2009; Lee et al., 2012;
Kelley and Karlstrom, 2017), we estimate that “ground zero” for the San Juan River and its
confluence with the Colorado River at ~ 5 Ma was approximately 2 km higher in the
stratigraphic section than today. Erosion of this thickness of strata in the past 5 Ma suggest
an average denudation rates of ~2 km in 5 Ma or 400 m/Ma. Our measured minimum
incision rates over the past ~0.6 and ~1.2 Ma are less than half of this suggesting faster
denudation in the first 3 Ma following integration. But in the past 2 Ma, highest incision rates
(~ 237 m/Ma) are observed in western San Juan headwaters and Glen Canyon, slowest (~113
m/Ma) in reaches across the Colorado Plateau, and intermediate (~148 m/Ma) in eastern
Grand Canyon. As mentioned above, the differential rates suggest the possibility of
differential tectonic uplift resulting in higher incision rates in and above the regionally
important Lees Ferry knickzone, and in upstream diverging terraces in the San Juan

headwaters.

Alternative, non-tectonic, hypotheses for differential incision of the Colorado and San
Juan River system emphasize the geomorphic (and potential climatic; Chapin et al., 2008)
forcings of regional river integration acting on a previously uplifted region. In these models,
downward river integration through Grand Canyon at 5-6 Ma, from a base level of the
Colorado Plateau to sea level, may explain the differential incision (Pederson et al., 2013).
As discussed above, regional climate change influences such as onset of the southwestern
monsoons due to opening of the Gulf of California ~ 6 Ma (Chapin et al., 2008) are possible

explanations for initiation of integration, and increased glacial-interglacial cycles and change
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to a regime of terrace flight deposition after ~ 2 Ma is also possible (Aslan et al., 2019). But
our terrace record that goes back nearly ~ 2 Ma does not reveal non-steady incision in any

reach that could be attributed to climate fluctuations.

Figure 14 plots incision rates along the Colorado-San Juan river above a deep mantle
cross section showing P-wave velocities. The Colorado Rocky Mountains Experiment and
Seismic Transect (CREST) showed that the lowest Vp and Vs velocities spanning the
Colorado Rocky Mountain region are found beneath the San Juan Mountains. This area has
the region’s highest topography and its thinnest crust, suggestive of a rootless southern
Rocky Mountain region with high topography supported, perhaps equally, by low-density
crust and low-density mantle (Hansen et al., 2013). A sharp velocity contrast occurs between
the San Juan headwaters and Farmington, NM that may help explain the differential incision
via headwater uplift. Additionally, young (4 -7 Ma) magmatism took place in the western
San Juan Mountains (Gonzales, 2015; 2017) that may have contributed to differential uplift.
Thus, the previously published notions of a correlation between incision rate and underlying
mantle velocity domains may apply for the San Juan to Colorado Plateau transition whereby
heat and mass transfer across this deep-seated “edge” of the Colorado Plateau’s lithosphere
may be driving differential uplift (Karlstrom et al., 2012; MaCarthy et al., 2014; Hansen et

al., 2013; Rosenburg et al., 2014; Nereson et al., 2013).

A sharp mantle velocity contrast is also found beneath the Lees Ferry region between
higher velocity mantle in the core of the Colorado Plateau and lower velocities around the
rims (Crow et al., 2014). In this case, high incision rates are seen in the zone of highest

velocity gradient (gray bar in Fig. 14), but they persist on the Colorado River well above the
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area of the mantle velocity transition into a region underlain by high velocity mantle. In
contrast, rates are lower above the high velocity mantle along the San Juan River. Thus, our
new data make this hypothesis unconvincing for the Colorado River across the Lees Ferry

knickzone and may suggest more complex forcings.
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Figure 14 - A) Compiled average long- term incision rate data from the lower Colorado
River up to the Animas River. Blue squares indicate long-term incision rates over 0.3 — 2 Ma.
B) P-wave velocity at 100 km depth below Colorado and San Juan Rivers. C) P-wave
tomographic cross sections beneath the river profiles along the Colorado and San Juan River
(Brandon Schmandt, unpublished tomography). D) Colorado and San Juan river profiles
derived from U.S. Geological Survey 90m DEM and Birdseye (1922); long-term incision
rates at terrace locations along the Colorado and San Juan river profiles are color coded:
purple and blue- Colorado River below and above, respectively, the San Juan confluence;
red- San Juan River. Grey bars indicate zones of high mantle gradient at Lees Ferry and the
Rocky Mountains. E) Inset map of P-wave velocity (Schmandt and Humphreys, 2010)
showing velocity variation and the location of the river-subparallel tomographic cross
sections in C).
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Figure 15A explores the possibility that high incision rates above the Lees Ferry
knickzone are a regional response of the disequilibrium Colorado River system to achieve an
equilibrium concave-up profile by eliminating the regional concavity between Lees Ferry and
the region of the Green-Colorado river confluence. This “geomorphic” explanation does not
explain why the knickzone is there, or its time evolution, but considers an interaction of
tectonic and geomorphic forcings. The observed higher steady incision above the bedrock
knickzone at Lees Ferry as well as the anti-correlation, where shallower river gradients above
and within the knickzone correspond to faster incision rates, are both unexpected from

knickpoint transience but might be expected across an uplifting 1000-km-wide convexity.

Figure 15B shows our model where plateau-like uplift of the San Juan headwaters
relative to Colorado Plateau, and of the western Colorado Plateau relative to sea level are
interpreted to concentrate incision at the edges of the uplifting plateau-like blocks. In the case
of the Lees Ferry area, the 30 km-thick elastic plate results in a broad convexity formed
above the zone of mantle upwelling and increased lithospheric buoyancy. The youthfulness
of 5 Ma integration is such that lower base level (at sea level) is not yet “felt” by upstream
reaches well above the Lees Ferry and in tributaries that cross the core of the Colorado
Plateau. This process of epeirogenic plateau uplift and incision at the edges is ongoing in
many orogens such as Tibet (e.g. Lu et al., 2004) and the Andes (e.g. Schildgen et al., 2007)

and involves complex feedback between tectonic, geomorphic, and climate forcings.
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Figure 15 — Differential uplift interpretation for the Colorado-San Juan river system. A) The
observed increased incision rates in the wide region above the Lees Ferry knickzone is
interpreted as the response of the Colorado River to achieve an equilibrium concave-up
profile (dashed purple and blue line). B) Plateau-like uplift of the San Juan headwaters
relative to Colorado Plateau, and Lees Ferry region relative to Grand Canyon are interpreted
to concentrate incision at the edges of the uplifting edges of the Colorado Plateau.
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CONCLUSIONS

Analyses of terrace ages help to correlate terraces along the continental-scale Colorado
and San Juan river system and suggest markedly different incision rates in different reaches.
These contribute to the understanding about what is driving incision and landscape evolution
in the Rocky Mountain-Colorado Plateau region. Thermochronology studies in the lower,
middle, and upper San Juan River suggest a young (5 Ma) river, showing ~2 km of
exhumation (leading to an additional ~1 km of isostatic uplift) in the past 5 Ma for the region
from Lees Ferry to the San Juan Mountains. Two major age populations for terraces along
the study area have been observed at ~1.2 Ma and ~0.6 Ma. The 0.6 Ma terraces are
approximately half as high above the modern rivers as the 1.2 Ma terraces in all reaches, but
terrace heights vary from reach to reach. This emphasizes that solely using terrace height for
terrace correlation across the Colorado-San Juan river system would be incorrect. Relative to
river level, in eastern Grand Canyon to Lees Ferry, incision rates have been semi-steady at
>142 m/Ma since 1.2 Ma and 160 m/Ma since 0.623 Ma (Crow et al., 2014). Incision rates
just above the Lees Ferry knickpoint are much higher, >237 m/Ma over the past 1.2 Ma and
>200 m/Ma over the past 0.630 Ma near the San Juan-Colorado River confluence (Heizler et
al., 2021). These high incision rates continue up the Colorado River at least as far as Bullfrog
Marina. In contrast, incision rates on the San Juan River as it crosses the interior of the
Colorado Plateau are lower but still steady at about 113 m/Ma over the past ca. 1.2 Ma. In the
uppermost reaches of the San Juan system, along the Animas River, incision has been steady
at 237 m/Ma over the past 0.630 Ma and terraces converge downstream towards Farmington,
NM. Across the Lees Ferry knickzone, the observed differential, but everywhere steady,

incision is acting to reduce the disequilibrium convexity of the entire Colorado River system
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“double concave” profile. This regional convexity occurs above a zone of sharp contrast in
mantle velocity (cf. Schmandt and Humphreys, 2010). Similarly, a transition in incision rates
in the San Juan River headwaters also occurs across a marked change in mantle velocity. The
provocative implication is that the cause of the observed differential incision over the
million-year timeframe may be related to upwellings of low velocity mantle beneath the
margins of the Colorado Plateau relative to high velocity mantle in its interior. This
differential rate of ~100 m/Ma implies ~500 m of uplift of the Rockies relative to the
Colorado Plateau over the past 5. Simultaneously, based on ~700 m/Ma of differential
incision through Grand Canyon (Crow et al., 2014), the change across the Lees Ferry
knickzone of ~100 m/Ma (500 m) adds to an overall uplift of the Glen Canyon region of ~

1.2 km relative to sea level in the past 5 Ma.
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