
Erosion can inform tectonics 

Consider the amount of relief on a landscape, R. 
The mean elevation E of the landscape is greater 
than the average of R.

Of course creation of relief only has to follow 
creation of surface elevation

Note can be rates or amounts...
Direct observation of S was paleoelevation, which we discussed before.  
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House et al. interpreted variations in ages as deflections of a steady-state isotherm—older ages under ancient canyons cooled first.
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We know there is a big variation in heat production (left)--what is the impact on shallow geotherms
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Montgomery (1996), Brewer et al. (2003), Stock et al. (2006),
Vermeesch (2007), and Gayer et al. (2008), among others.

Our approach uses detrital cooling ages as a tracer, which links
modern stream sediment to upstream bedrock sources. For example,
Vermeesch (2007) used cooling ages to constrain the source of alluvial
boulders to upstream bedrock sources. At the drainage-scale, Stock et
al. (2006) used a tracer method to argue for above-average erosion
rates in the upper reaches of a drainage because of the abundance of
old cooling ages in the fluvial sediment. In this study, we establish a
statistical basis for the tracer thermochronology method and
demonstrate the method's promise using two natural examples.

We present our erosion rate calculations in three steps. First, we
estimate bedrock ages over the surface of the catchment (Fig. 1A).
Brewer et al. (2003) and Ruhl and Hodges (2005) have used the AE
method to estimate the surface distribution of bedrock cooling ages,
but this approach carries the assumption that isochrones, defined as
surfaces of equal cooling age, are everywhere horizontal. Our approach
explicitly estimates the geometry of the isochrones (Fig. 1C–D).
Second, we discuss the detrital sampling method and its underlying
assumptions including the influence of sediment storage, either by
natural process or by man-made dams (Fig. 1A). Third, we borrow
from the literature of probability density estimation and outline a
method for estimating densities and relative erosion rates (Fig. 1B).
The resulting erosion rate distributions can be mapped back onto the
topographic surface. The spatial variation of erosion provides direct
information on relief change on the time scale of 100 to 10 ka.

Our application of the tracer method focuses on the Kings and San
Joaquin rivers, which are large adjacent drainages (N3000 km2)

located on the western slope of the Sierra Nevada (Fig. 2). The
evolution of relief in this area ismuch debated (e.g., House et al., 1997;
Wakabayashi and Sawyer, 2001; Clark et al., 2005). The presence of
numerous dams above the detrital sampling point in the San Joaquin
also provides an opportunity to examine how unsteady storage might
influence our method. Widespread (U–Th)/He apatite ages, available
from the literature, are adequate to estimate the bedrock distribution
of cooling ages. We present detrital (U–Th)/He apatite ages that were
collected from stream sediment the foothills of the drainages. We
begin by introducing the geologic setting of the Sierra Nevada and
then develop the tracer method in parallel with the application in
order to provide a clear, step-by-step demonstration.

2. Setting

The Sierra Nevada is largely underlain by Mesozoic granitic
batholiths. In the north, Tertiary volcanic and sedimentary rocks
overlie the batholiths. These younger strata record a few degrees of
westward tilt since ∼5 Ma (e.g., Unruh, 1991). Tilting was roughly
coincident with ∼0.5 km incision by major rivers, including the San
Joaquin (Wakabayashi and Sawyer, 2001). To the south, direct
evidence of tilting is scarce because Tertiary cover is absent, but the
modern average slope of thewestflank of the Sierra in our study area is
almost 2°. The southern Sierra Nevada ismore faulted than in the north
(Dixon et al., 2000;Maheo et al., 2009), so theremayalso be local tilting
of smaller, fault-bounded blocks. Recent evidence from relict land-
scapes of the southernmost Sierra supports westward tilting as well
(Saleeby et al., 2009). River gorges in the south, including the Kings

Fig. 1. Schematics illustrating the method for calculating relative erosion rates and the effects of isochrone deformation on surface bedrock ages. A) In the map view, topographic
contours are heavy black lines, bedrock cooling ages are shaded and cut across contours, and the squares signify the location of detrital sampling. B) Density plots show how relative
erosion rates are calculated as a relative density from bedrock- and detrital-age distributions. C) Hypothetical cross section illustrating the relatively flat isochrones produced at the
closure surface by constant exhumation rates and constant topography. D) Cross section of map view in part (A), illustrating the isochrone structure at depth resulting from constant
exhumation followed by 8° of tilting since 6 Ma.
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A different approach to using low-T geochron was to see if varying tilts of surfaces through available measurements 
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Montgomery (1996), Brewer et al. (2003), Stock et al. (2006),
Vermeesch (2007), and Gayer et al. (2008), among others.

Our approach uses detrital cooling ages as a tracer, which links
modern stream sediment to upstream bedrock sources. For example,
Vermeesch (2007) used cooling ages to constrain the source of alluvial
boulders to upstream bedrock sources. At the drainage-scale, Stock et
al. (2006) used a tracer method to argue for above-average erosion
rates in the upper reaches of a drainage because of the abundance of
old cooling ages in the fluvial sediment. In this study, we establish a
statistical basis for the tracer thermochronology method and
demonstrate the method's promise using two natural examples.

We present our erosion rate calculations in three steps. First, we
estimate bedrock ages over the surface of the catchment (Fig. 1A).
Brewer et al. (2003) and Ruhl and Hodges (2005) have used the AE
method to estimate the surface distribution of bedrock cooling ages,
but this approach carries the assumption that isochrones, defined as
surfaces of equal cooling age, are everywhere horizontal. Our approach
explicitly estimates the geometry of the isochrones (Fig. 1C–D).
Second, we discuss the detrital sampling method and its underlying
assumptions including the influence of sediment storage, either by
natural process or by man-made dams (Fig. 1A). Third, we borrow
from the literature of probability density estimation and outline a
method for estimating densities and relative erosion rates (Fig. 1B).
The resulting erosion rate distributions can be mapped back onto the
topographic surface. The spatial variation of erosion provides direct
information on relief change on the time scale of 100 to 10 ka.

Our application of the tracer method focuses on the Kings and San
Joaquin rivers, which are large adjacent drainages (N3000 km2)

located on the western slope of the Sierra Nevada (Fig. 2). The
evolution of relief in this area ismuch debated (e.g., House et al., 1997;
Wakabayashi and Sawyer, 2001; Clark et al., 2005). The presence of
numerous dams above the detrital sampling point in the San Joaquin
also provides an opportunity to examine how unsteady storage might
influence our method. Widespread (U–Th)/He apatite ages, available
from the literature, are adequate to estimate the bedrock distribution
of cooling ages. We present detrital (U–Th)/He apatite ages that were
collected from stream sediment the foothills of the drainages. We
begin by introducing the geologic setting of the Sierra Nevada and
then develop the tracer method in parallel with the application in
order to provide a clear, step-by-step demonstration.

2. Setting

The Sierra Nevada is largely underlain by Mesozoic granitic
batholiths. In the north, Tertiary volcanic and sedimentary rocks
overlie the batholiths. These younger strata record a few degrees of
westward tilt since ∼5 Ma (e.g., Unruh, 1991). Tilting was roughly
coincident with ∼0.5 km incision by major rivers, including the San
Joaquin (Wakabayashi and Sawyer, 2001). To the south, direct
evidence of tilting is scarce because Tertiary cover is absent, but the
modern average slope of thewestflank of the Sierra in our study area is
almost 2°. The southern Sierra Nevada ismore faulted than in the north
(Dixon et al., 2000;Maheo et al., 2009), so theremayalso be local tilting
of smaller, fault-bounded blocks. Recent evidence from relict land-
scapes of the southernmost Sierra supports westward tilting as well
(Saleeby et al., 2009). River gorges in the south, including the Kings

Fig. 1. Schematics illustrating the method for calculating relative erosion rates and the effects of isochrone deformation on surface bedrock ages. A) In the map view, topographic
contours are heavy black lines, bedrock cooling ages are shaded and cut across contours, and the squares signify the location of detrital sampling. B) Density plots show how relative
erosion rates are calculated as a relative density from bedrock- and detrital-age distributions. C) Hypothetical cross section illustrating the relatively flat isochrones produced at the
closure surface by constant exhumation rates and constant topography. D) Cross section of map view in part (A), illustrating the isochrone structure at depth resulting from constant
exhumation followed by 8° of tilting since 6 Ma.
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One can envision that uplift of rocks through the closure surface
produces a continuously varying field of cooling ages, which can be
viewed as consisting of surfaces of constant age, which we call
isochrones. This term is already used in stratigraphy to indicate
surfaces of constant age (Bates and Jackson, 1987). We find it helpful
in describing a concept that has long been implicit in the interpre-
tation of thermochronologic data.

A single isochrone represents a smoothed version of the surface
topography due to the downward continuation of the thermal field
from the Earth's surface (Mancktelow and Grasemann, 1997).
Isochrones are created, or “enisochronated”, as continuous surfaces.
In fact, in this sense, they represent an upside-down stratigraphy,
which increases in age upward and away from the closure surface
(Fig. 1A and C). Stratigraphic analysis of sedimentary sequences is
likewise organized around the concept of isochrones.We contend that
thermochronologic isochrones can be exploited in the same manner
as stratigraphic isochrones to identify faults, folds, tilting, and other
kinds of deformation.

These ideas of the thermochronological isochrone are generalized
from the AE method of Wagner and Reimer (1972), who recognized
that low-temperature cooling ages often show a strong, positive
correlation with elevation. This correlation was interpreted to be the
record of the upwardmotion of rocks through the closure isotherm. In
essence, this AE method implicitly assumes that isochrones remain
approximately flat, parallel to the closure isotherm where they were
formed. In contrast, our concept of an isochrone accounts for the fact
that rocks are commonly deformed after passing through the closure
depth. We have discovered examples, not only in the Sierra Nevada,
but also the Swiss Alps, where cooling ages do not correlate with
elevation. Instead, the ages define a set of dipping isochronal planes. It
is widely recognized that the closure isotherm is not flat, but in fact
tends to be a highly smoothed, low-amplitude version of the surface
topography (Braun, 2002). Thus, one might expect that isochrones
might have an initial dip near the regional-scale dip of the overlying
topography, which dips less than 2° in our study area.

In the Sierra Nevada, House et al. (2001) implicitly accounted for
isochrone deformation by correcting their AE transects for 2° of tilting.
Maheo et al. (2009) also implicitly recognized tilted isochrones in the
southernmost Sierra Nevada, which they attributed to Cenozoic
faulting. We provide a direct estimate of isochrone tilting. Our main
focus here is to define the isochronal structure well enough so that we
can make a map of the distribution of bedrock cooling ages in the
Kings and San Joaquin drainages. Our best-fit model provides an
estimate of the cooling, erosion, and tilt history of the southern Sierra
Nevada, which are topics of interest in their own right (e.g.
Wakabayashi and Sawyer, 2001).

4.2. Estimating bedrock-age distributions

Consider a set of samples, i=1 to n, collected at locations indicated
by Ei, Ni, and Zi, which refer to the easting, northing, and vertical
distances relative to an arbitrary origin. The samples are then dated,
resulting in a set of ages τi in Ma. A dipping set of isochrones is defined
by

τi = bEEi + bNNi + bZZi + τ0; ð4Þ

where bE,bN,bZ, and τ0 are unknown parameters. The age gradient
normal to these planes has units of Ma/km, which is the inverse of the
average velocity of the dated rocks relative to the effective closure
isotherm. In other words, this parameter provides a tilt-corrected AE
erosion rate, assuming of course that the closure isotherm remains
relatively stationary during closure.

We use a dataset of 88 published (U–Th)/He ages (Dumitru, 1990;
House et al., 1997; House et al., 1998; House et al., 2001, Clarke et al.,
2005) that span the San Joaquin and Kings drainages (Fig. 2). The

model is fit to the data by finding values for the unknown parameters
that minimize the L1 norm, which is the sum of the absolute values of
the difference between model predications and observed data. The
conventional least-squares method (L2 norm) provides similar
estimates, but we prefer the L1 norm because it is less sensitive to
outliers (Menke, 1984). Fig. 3 shows the “reduced-age” projection of
the data and model into a cross section oriented perpendicular to the
best-fit strike of the isochrones. The line represents the predicted age
at the elevation of the centroid of the data (2.2 km), and the observed
ages have been reduced to this elevation using the gradients
determined by the model fit. The offsets in age between the line
and the data are directly equivalent to the residuals. One can see that
there is a good fit between the model and the data (R2=0.68), but the
residuals are clearly larger than the error bars, which represent the
estimated analytical uncertainties for the ages. This result is not
unexpected given that the natural setting can provide other
significant sources of error (e.g., size variations and non-uniform U
and Th distributions in the dated grains, local fault offsets, local
thermal anomalies, etc.). The residuals are normally distributed with a
mean of 0.4 Ma and a standard deviation of 8 Ma. Our bootstrap
analysis (reported below) is based on the residuals, so the estimated
uncertainties for the parameters include all of the observed variance
relative to the model fit.

However, another potential problem is error in the model itself,
which could introduce bias in the results. For our case, the most likely
model error is that isochronal surfaces have significant curvature over
the scale of the study area. The spatial distribution of the residuals
provides the best way to test if the model provides a reasonable

Fig. 3. The isochrone best-fit of bedrock cooling age data projected into down-dip cross
section. A) The range of bedrock samples and best-fit isochrones are plotted relative to
the maximum and minimum topography along the cross section. B) The quality of the
isochrone fit is shown by reducing the observed ages according to the difference
between each predicted age and predicted age at 2.2 km elevation. This is equivalent to
plotting the model residuals around the mean. Error bars depict the 1-sigma analytical
errors in the age measurements, and misfits outside these errors indicate error in the
model fit. Recalculating the fit, omitting the Mt. Whitney vertical transect data (at 30 to
40 km), demonstrates that this does not significantly change the parameter results.
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Initial attempt at fitting planar isochrons for the Kings and San Joaquin drainage
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cooling ages record local exhumation. Surface uplift is constrained jointly by these two
components.

In the second end-member, the rock uplift rate is zero and topography is not
isostatically compensated. As a large mountain range decays, erosion gradually ex-
humes isochrones from depth. Eventually, the exposed isochrones dip more steeply
than surrounding topography (fig. 2B). This is because shallow isotherms, potentially
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Fig. 2. Schematic illustration of the end-member formations of dipping isochrones. Isochrones are
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Consider relationships near the surface

S = surface uplift (relative to sea level)
D = denudation (erosion)
R = rock uplift (relative to sea level)

On average, D = R - S (or S = R - D)

Generally we observe D either through low-
temperature geochronology or geologic relations 
(e.g., incision of older rocks). We’d like S.

Following England and Molnar, Geology, 1990

Note can be rates or amounts...
Direct observation of S was paleoelevation, which we discussed before.  



Since we can infer D, what might it mean in terms 
of mean elevation E?

Classically, geologists assumed D ∝ E

But examples like Tibetan Plateau and Altiplano 
suggest this is imperfect....

Even if there is some orogen-scale basis for this, is 
this a constant factor?



17-My-long trend toward cooler conditions
as expressed by a 3.0‰ rise in !18O with
much of the change occurring over the early-
middle (50 to 48 Ma) and late Eocene (40 to
36 Ma), and the early Oligocene (35 to 34
Ma). Of this total, the entire increase in !18O
prior to the late Eocene (" 1.8‰) can be
attributed to a 7.0°C decline in deep-sea tem-
perature (from " 12° to " 4.5°C). All subse-
quent !18O change reflects a combined effect
of ice-volume and temperature (40), particu-
larly for the rapid # 1.0‰ step in !18O at 34
Ma. On the basis of limits imposed by bot-
tom-water and tropical temperatures, it has
been estimated that roughly half this signal

(" 0.6‰) must reflect increased ice volume
(24, 41), though independent constraints on
temperature derived from benthic foraminif-
eral Mg/Ca ratios argue for a slightly greater
ice-volume component (" 0.8 to 1.0‰) (42).
This long-term pattern of deep-sea warming
and cooling is consistent with reconstructions
of early Cenozoic subpolar climates based on
both marine and terrestrial geochemical and
fossil evidence (43–47).

Following the cooling and rapid expan-
sion of Antarctic continental ice-sheets in the
earliest Oligocene, deep-sea !18O values re-
mained relatively high (# 2.5‰), indicating a
permanent ice sheet(s), likely temperate in

character (48), with a mass as great as 50% of
that of the present-day ice sheet and bottom
temperatures of " 4°C (18). These ice sheets
persisted until the latter part of the Oligocene
(26 to 27 Ma), when a warming trend reduced
the extent of Antarctic ice. From this point
until the middle Miocene (" 15 Ma), global
ice volume remained low and bottom water
temperatures trended slightly higher (49, 50),
with the exception of several brief periods of
glaciation (e.g., Mi-events) (39). This warm
phase peaked in the late middle Miocene
climatic optimum (17 to 15 Ma), and was
followed by a gradual cooling and reestab-
lishment of a major ice-sheet on Antarctica
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Fig. 2. Global deep-sea oxygen and carbon isotope records based on data
compiled from more than 40 DSDP and ODP sites (36). The sedimentary
sections from which these data were generated are classified as pelagic
(e.g., from depths # 1000 m) with lithologies that are predominantly
fine-grained, carbonate-rich (# 50%) oozes or chalks. Most of the data
are derived from analyses of two common and long-lived benthic taxa,
Cibicidoides and Nuttallides. To correct for genus-specific isotope vital
effects, the !18O values were adjusted by $ 0.64 and $ 0.4‰ (124),
respectively. The absolute ages are relative to the standard GPTS (36,
37). The raw data were smoothed using a five-point running mean, and
curve-fitted with a locally weighted mean. With the carbon isotope
record, separate curve fits were derived for the Atlantic (blue) and Pacific
above the middle Miocene to illustrate the increase in basin-to-basin

fractionation that exceeds " 1.0‰ in some intervals. Prior to 15 Ma,
interbasin gradients are insignificant or nonexistent (39). The !18O
temperature scale was computed for an ice-free ocean [" 1.2‰ Standard
Mean Ocean Water (SMOW )], and thus only applies to the time pre-
ceding the onset of large-scale glaciation on Antarctica (" 35 Ma)
(43). From the early Oligocene to present, much of the variability
(" 70%) in the !18O record reflects changes in Antarctica and North-
ern Hemisphere ice volume (40). The vertical bars provide a rough
qualitative representation of ice volume in each hemisphere relative
to the LGM, with the dashed bar representing periods of minimal ice
coverage (!50%), and the full bar representing close to maximum ice
coverage (# 50% of present). Some key tectonic and biotic events are
listed as well (4, 5, 35).
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Sediment supplied to Gulf of Mexico

Galloway et al., Geosphere, 2011

Now we saw this before when we were discussing the Laramide, so carry it the rest of the way...
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indicated by the width of the blue bar. Fluvial axes are informally named based on similarities in their location along the Gulf margin or of 
their inferred drainage basin in the continental interior.

American source provinces. Principal uplands 
produced include (Fig. 5):

(1) The Basin and Range province of block-
faulted uplands and adjacent basins, extending 
southward from Idaho through northern Mexico.

(2) The Sierra Madre Occidental volcanic 
fi eld of Mexico and outliers in the southwestern 
United States.

(3) The San Juan, Central Colorado, Marys-
vale, and numerous smaller volcanic fi elds of 
the Western Interior.

(4) The regionally elevated Neogene Rocky 
Mountain Orogenic Plateau, which is highest in 
central Colorado.

(5) The Colorado Plateau, a moderately high, 
structurally stable upland separating the Rocky 
Mountain Orogenic Plateau and the Basin and 
Range Province.

(6) The comparatively low-relief Edwards 
Plateau of central Texas.

Each orogenic phase also produced a fam-
ily of basins within continental North Amer-

ica. These basins provided collectors for upland 
tributaries and alluvial fans, acted as temporary 
or permanent sediment repositories, and infl u-
enced the location and fl ow direction of axial, 
integrated fl uvial systems. Late Laramide 
basins were particularly abundant (Fig. 4). They 
form an assemblage of small- to medium-sized 
depressions between and fl anking the basement-
cored uplifts. To the south, extending from the 
Big Bend area of Texas, narrow, elongate fore-
land subsidence belt including the Sabinas, 

Galloway et al., Geosphere, 2011

Note “Colorado” here isn’t the river we are usually thinking of.  Note large pulse on Rio Grande in Oligocene-Miocene
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coastal plains (Figures 8.3 and 8.4A). Penecontemporaneous
Late Eocene–Oligocene volcaniclastics are prominent compon-
ents in the Rio Grande and Houston-Brazos streams but are
minor in the Mississippi and eastern coastal plain rivers of the
Frio deposode. Zircon dates of contemporaneous reworked
ash both substantiate the chronology of the Yegua–Frio depo-
sodes and document the volumetric importance of airfall
material as a component of total sediment supply during this
time. Zircon populations clearly distinguish Early Miocene
LM1 and LM2 Mississippi (Grenville-dominated), Red River
(strong Yavapai–Mazatzal) and Rio Grande (strong Western
Cordillera arc) fluvial axes. Petrographic data for the
Lower Miocene sandstones further illustrate typical GoM
relationships between source area and sand composition

(Figure 8.4B). Recycled Mid-Continent and Appalachian sedi-
mentary rocks are highly quartzitic; recycled and first-cycle
western orogenic sources provide compositionally diverse
sands. The pattern of decreasing quartz and increasing lithic
and feldspar content from east (Mississippi) to west (Rio
Grande) seen in the Lower Miocene sandstones is typical of
all northern GoM Cenozoic supersequences. Composition, in
turn, is a major determinant of regional patterns in burial
diagenesis and resultant reservoir quality. A similar east–west
compositional trend typifies Frio supersequence sands.

The Neogene Tectono-climatic Phase experienced a signifi-
cant loss of distal Rocky Mountain landscapes as contributory
sources (Figure 8.1C). Initiation of the Rio Grande rift created
a chain of rapidly subsiding, closed basins that effectively

C
um

ul
at

iv
e 

Pe
rc

en
t 

100 

75 

50 

25 

0 

1912 
10 

17 27 
26 14 

25 40 44 31 
46 

75 
76 

47 74 70 71 72 69 64 65 67 M4 M2 M3 

Appalachian 

Grenville 

Midcontinent 

Yavapai-Mazatzal

Shield 

Western Cordillera 
> 80 Ma 

Laramide

–500–2500 500 250 1000 750 1250 

Distance Along Outcrop Belt (km) 

Sample Number 

 

43

Figure 8.2 Along-strike trends in detrital zircon populations in Paleocene–Early Eocene Wilcox samples collected along an outcrop traverse extending from western
Mississippi to south Texas. The plot shows spatial changes in percentage contributions of populations associated with different source terranes. Likely association to
major fluvial axis is based on geographic correspondence of sample with mapped fluvial axes and inter-axial coastal plains. Modified from Blum et al. (2017 ).
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Figure 8.3 Along-strike trends in detrital zircon populations in Oligocene Frio samples collected along an outcrop traverse extending from Mississippi to south
Texas. The plot shows spatial changes in percentage contributions of populations associated with different source terranes. Likely association to major fluvial axis is
based on geographic correspondence of sample with mapped fluvial axes and inter-axial coastal plains. Modified from Blum et al. (2017 ).
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intercepted eastward-flowing tributaries. Only the eastern
rift margin uplifts provided sediment destined for the Gulf.
However, at the same time, the Appalachian and adjacent
Cumberland Plateau experienced regional uplift and
unroofing. In the latest Neogene, regional domal elevation
of the Rocky Mountain Orogenic Plateau created the broad,
east-sloping High Plains (still present today) and rejuvenated
erosion along the central Front Range. In Mexico, the Trans-
Mexican Volcanic Belt and the Sierra Madre de Chiapas
Uplift created important new orogenic uplands that drained
into the southern Gulf.

8.1.2 Drainage Basin Reconstructions
Figures 8.5 through 8.16 are our most recent reconstructions
of the areal distribution of the drainage basins of the

continental rivers that provided the bulk of sediment to the
northern GoM (extension of maps into central Mexico
remains to be done). They incorporate the accumulating data-
base of detrital zircon analyses that has been generated since
the drafting of the first-generation drainage maps by Galloway
et al. (2011) and several recent reconstructions of continental
rivers of the Western Interior. Mapped paleoflow directions
and reconstructions of tributary channel segments in contem-
porary intracontinental basins were systematically compiled in
the earlier mapping and continue to constrain the reconstruc-
tion of the tributary network. Position and scale of fluvial–
deltaic depocenters in the Gulf margin establish relative size
and location of the continental rivers at their entry onto the
depositional coastal plain. For all maps, the position of the
drainage divide separating rivers that flow into the GoM from

A

Figure 8.4 (A) Along-strike trends in detrital zircon populations in Lower Miocene samples collected along an outcrop traverse extending from the Florida
panhandle to south Texas. The plot shows spatial changes in percentage contributions of populations associated with different source terranes. Likely association to
major fluvial axis is based on geographic correspondence of the sample with mapped fluvial axes and inter-axial coastal plains. (B) Lower Miocene sand composition
for sample suites from wells located in the Mississippi Embayment, Houston Embayment, and Rio Grande Embayment. These correspond to the Mississippi, Red River,
and Rio Grande fluvial axes, respectively. Note progressive increase in feldspar (Red River) and rock fragments (Rio Grande) at the expense of quartz grains from east
to west. Distinctive bulk composition and detrital zircon populations both clearly reflect the three different continental river systems and their different drainage
basins.From Xu et al. (2017).
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Contrasting tools.  Detrital zircons deposited near the coast in the early Eocene (top) and classic petrographic ternary for interpreting sands.



Galloway et al., Geosphere, 2011

Early Paleocene

Late Paleocene

Sharman et al., Geology, 2017

Paleogene

Surprisingly differences. Galloway 2011 was largely based on classic sedimentary petrography, Sharman et al. a lot of detrital zircons.



those flowing north toward Hudson Bay is poorly constrained.
Figure 8.5 provides the explanation applicable to all maps.

8.1.2.1 Paleocene–Middle Eocene
Four drainage reconstructions reflect the geomorphic evolu-
tion of drainage basins through the Laramide Phase. The first
map (Figure 8.6) addresses the question of why sediment
supply to the Gulf was minimal during the first two million
years of the Paleocene, despite the Late Cretaceous emergence
of tectonically active Laramide uplands. At this time, the Gulf
shoreline extended far onto the continent, well inland of the
modern outcrop belt. Although global sea level was high, it was
not extreme and would, in fact, remain comparatively high
throughout the Laramide Phase. The map suggests several
possible contributing factors. (1) The uplands of the central
Front Range and Western Interior were flanked by numerous
intermontane basins, all of which were actively subsiding and
accumulating Early Paleocene sediment. (2) A remnant low-
lands and embayment, the Cannonball Sea, extended into the
northern plains states. Rivers arising from uplands in Wyo-
ming, western Colorado, and Utah drained northeastward into
this depression. (3) Tributaries arising from the Laramide
front and basins of southwestern New Mexico and west Texas
drained southeastward into and along the Mexican foreland
trough. There they debouched into the deepwater Laramide
foreland basin in northern Mexico. (4) Only the drainage
arising along and west of the southern Rockies of New Mexico
drained eastward toward the Gulf. The San Juan and Raton
basins in northern New Mexico and southern Colorado were
actively filling and likely sequestered much of the sediment
load. Similarly, the Denver basin sequestered sediment derived
from the Front Range that likely was a tributary to a mid-
continent river system. In summary, diversion of sediment
north to the Cannonball or south to the Mexican foreland
trough combined with sequestration in the numerous subsid-
ing intermontane basins to limit sediment supply to the GoM
and consequent delay in coastal progradation onto and across
the relict Late Cretaceous shelf.

By 62 Ma the northern Gulf margin shifted rapidly from
starvation to feast. Initially two dominant continental rivers
integrated tributaries arising from the northern and central
Front Range (Figure 8.7 ). Headward expansion and piracy
extended tributaries westward to the Green River basin and
across New Mexico into Arizona. Perhaps of equal importance,
several of the large interior basins, including the Denver,
Raton, and San Juan had filled, allowing export of sediment
into the east-flowing trunk streams. However, interior drain-
age centered on the Uinta basin of Utah, and north-flowing
drainage through the Powder River basin diverted sediment
into closed intermontane receiving basins. Although the alter-
native drainage basin mapping of Sharman et al. (2016) limits
central Rocky Mountain input to the Mississippi system,
diverting the tributaries southward to the Colorado, several
observations favor the reconstruction of a large east-flowing
trunk stream as shown here. (1) Detrital zircon data

Figure 8.5 Explanation for paleogeographic maps, Figures 8.6 to 8.16.
From Galloway et al. (2011).
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Figure 8.10 Late Eocene drainage
basin paleogeography. Modified from
Galloway et al. (2011).

Figure 8.11 Oligocene drainage basin
paleogeography. Modified from
Galloway et al. (2011).
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Interesting how they route the paleo-Salt River



basins augmented sediment supply from the erosional
uplands. Regional uplift precluded further accumulation in
the intermontane basins, and several of them experienced
ongoing erosional evacuation that was initiated in the Late
Eocene. Presence of penecontemporaneous volcanic zircons
is diagnostic of Frio deposode fluvial deposits (Figure 8.3).
Despite the arid climate that extended from the northwestern
GoM coastal plain across the southwest and Western Inter-
ior, these rivers were large and sediment-laden by the time
they arrived on the Gulf margin. The relatively smaller Rio
Bravo axis of the Burgos basin was likely more locally
sourced by inversion and uplift of the basin rim by several
thousand feet.

Early Miocene drainage patterns display some significant
evolutionary changes from their Oligocene precursors
(Figure 8.12). Most notable is the decrease in volcanic grains
and detrital zircons (Figure 8.4). The Mississippi remained the
longest river system, draining eastward across the Early Mio-
cene Arikaree alluvial apron from headwaters in western Wyo-
ming. The expanding area of broad uplift across inland Texas
(encompassing the Edwards Plateau) may have played a role in
diverting the river system draining the central Front Range
(which was tectonically rejuvenated) eastward from the
Houston-Brazos axis to the Red River axis. The still-significant
volcanic zircon content and reconstructed drainage patterns in
southern Colorado–northern New Mexico suggest capture of
some former Rio Grande tributary elements by the Red River

system. An extensive area of interior drainage, centered in
Utah, and mapped south-directed channels in Arizona restrict
Rio Grande tributaries to southern New Mexico. Speculative
expansion of Rio Bravo headwaters is suggested by continued
importance of this element in the Burgos basin.

8.1.2.3 Middle Miocene–Pleistocene
The Neogene Tectono-climatic Phase began with dramatic
changes in continental geomorphology and consequent Middle
Miocene deposode drainage patterns (Figure 8.13). On the
east, uplift and unroofing of the Appalachian uplands rejuven-
ated a sediment source that had been largely moribund since
the Mesozoic. Tributaries collected across Kentucky and Ten-
nessee to flow southward into the northern GoM. The system
paralleled but remained independent of the larger Mississippi
system. Convergence of channel axes in Louisiana created the
merged delta system. Headwaters of the Mississippi, now
largely confined to the east-flowing tributaries arising in the
central Front Range of southwestern Wyoming and eastern
Colorado, arose along the toe of the aggradational Ogallala
alluvial apron. Recognized precursors of the North and South
Platte rivers are preserved in the veneer of alluvial deposits.
The continuing arid climate produced flow-limited, energy-
deficient rivers that were unable to fully flush their sediment
load across the broad plains. However, sufficient sediment did
bypass the apron to create a Middle Miocene Mississippi
fluvial–deltaic depocenter.

Figure 8.12 Early Miocene drainage
basin paleogeography. Modified from
Galloway et al. (2011).
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those flowing north toward Hudson Bay is poorly constrained.
Figure 8.5 provides the explanation applicable to all maps.

8.1.2.1 Paleocene–Middle Eocene
Four drainage reconstructions reflect the geomorphic evolu-
tion of drainage basins through the Laramide Phase. The first
map (Figure 8.6) addresses the question of why sediment
supply to the Gulf was minimal during the first two million
years of the Paleocene, despite the Late Cretaceous emergence
of tectonically active Laramide uplands. At this time, the Gulf
shoreline extended far onto the continent, well inland of the
modern outcrop belt. Although global sea level was high, it was
not extreme and would, in fact, remain comparatively high
throughout the Laramide Phase. The map suggests several
possible contributing factors. (1) The uplands of the central
Front Range and Western Interior were flanked by numerous
intermontane basins, all of which were actively subsiding and
accumulating Early Paleocene sediment. (2) A remnant low-
lands and embayment, the Cannonball Sea, extended into the
northern plains states. Rivers arising from uplands in Wyo-
ming, western Colorado, and Utah drained northeastward into
this depression. (3) Tributaries arising from the Laramide
front and basins of southwestern New Mexico and west Texas
drained southeastward into and along the Mexican foreland
trough. There they debouched into the deepwater Laramide
foreland basin in northern Mexico. (4) Only the drainage
arising along and west of the southern Rockies of New Mexico
drained eastward toward the Gulf. The San Juan and Raton
basins in northern New Mexico and southern Colorado were
actively filling and likely sequestered much of the sediment
load. Similarly, the Denver basin sequestered sediment derived
from the Front Range that likely was a tributary to a mid-
continent river system. In summary, diversion of sediment
north to the Cannonball or south to the Mexican foreland
trough combined with sequestration in the numerous subsid-
ing intermontane basins to limit sediment supply to the GoM
and consequent delay in coastal progradation onto and across
the relict Late Cretaceous shelf.

By 62 Ma the northern Gulf margin shifted rapidly from
starvation to feast. Initially two dominant continental rivers
integrated tributaries arising from the northern and central
Front Range (Figure 8.7 ). Headward expansion and piracy
extended tributaries westward to the Green River basin and
across New Mexico into Arizona. Perhaps of equal importance,
several of the large interior basins, including the Denver,
Raton, and San Juan had filled, allowing export of sediment
into the east-flowing trunk streams. However, interior drain-
age centered on the Uinta basin of Utah, and north-flowing
drainage through the Powder River basin diverted sediment
into closed intermontane receiving basins. Although the alter-
native drainage basin mapping of Sharman et al. (2016) limits
central Rocky Mountain input to the Mississippi system,
diverting the tributaries southward to the Colorado, several
observations favor the reconstruction of a large east-flowing
trunk stream as shown here. (1) Detrital zircon data

Figure 8.5 Explanation for paleogeographic maps, Figures 8.6 to 8.16.
From Galloway et al. (2011).
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Initiation of the Rio Grande rift, extending from south-
central Colorado, through central New Mexico, into Trans-
Pecos Texas created a series of closed basins that trapped all
sediment derived from further west. The continental drainage
divide was displaced significantly east of its Paleogene loca-
tions. On the east, rift-shoulder uplifts sourced east-flowing
tributaries (Figure 8.13). A reconstructed north-flowing paleo-
Pecos River drained remnant volcanic uplands in the Big Bend
area. In summary, tributary access to western sources was
truncated and the prevailing arid paleoclimate limited outflow
from the uplands that were available. The Rio Grande River
effectively ceased to exist as a significant supplier of sediment
to the Gulf. Remnant tributaries flowed across the Edwards
Plateau of central Texas, collecting into the Guadalupe fluvial
axis of the Middle–Upper Miocene supersequences. In con-
trast, the emergent Appalachian terrane provided an increas-
ingly important supply of sediment to the northeastern GoM.
The Cenozoic basin depocenter shifted to its easternmost
position.

Upper Miocene deposode (Figure 8.14) drainage patterns
remained relatively stable. Aggradation of the Ogallala apron
expanded southward into the Texas panhandle, adding the
paleo-Arkansas and Canadian River axes. Reemergence of a
secondary depocenter in the far south Texas–Burgos basin area
suggests reintegration of Rio Grande and Rio Bravo Rivers.

Pliocene continental geomorphology reflected ongoing
evolution of the Neogene drainage and sediment supply pat-
terns (Figure 8.15). Appalachian uplands contributed runoff
and sediment to a shrinking Tennessee axis. To the west,
epeirogenic uplift of the Western Interior province, centered
in western Colorado, created the Rocky Mountain Orogenic
Plateau. The broad area of uplift extended from Wyoming to
southern New Mexico, with the landscape elevated 1–2 km
(3200–6500 ft) above the surrounding continent. Several rivers
expanded canyons along the Front Range. East-flowing rivers
began to incise the Ogallala alluvial apron. However, the
southern extension of the east–west drainage divide remained
pinned along the east flank of the Rio Grande rift. The chain of
axial rift basins filled from north to south, but the increasingly
integrated south-flowing river terminated in a large lacustrine
basin. Continuing integration of the north-flowing Pecos
diverted outflow from most of New Mexico to the Texas
panhandle. There, an east-flowing paleo-Canadian River com-
bined with paleo-Arkansas drainage to flow into east Texas
and then into the north-central Gulf as the Red River fluvial–
deltaic axis.

The final evolution of North American drainage basins was
one of progressive growth and, ultimately, nearly complete
consolidation of the Mississippi River system. Climate played
an increasing role. Formation and repeated advance of

Figure 8.13 Middle Miocene drainage
basin paleogeography. Modified from
Galloway et al. (2011).
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those flowing north toward Hudson Bay is poorly constrained.
Figure 8.5 provides the explanation applicable to all maps.

8.1.2.1 Paleocene–Middle Eocene
Four drainage reconstructions reflect the geomorphic evolu-
tion of drainage basins through the Laramide Phase. The first
map (Figure 8.6) addresses the question of why sediment
supply to the Gulf was minimal during the first two million
years of the Paleocene, despite the Late Cretaceous emergence
of tectonically active Laramide uplands. At this time, the Gulf
shoreline extended far onto the continent, well inland of the
modern outcrop belt. Although global sea level was high, it was
not extreme and would, in fact, remain comparatively high
throughout the Laramide Phase. The map suggests several
possible contributing factors. (1) The uplands of the central
Front Range and Western Interior were flanked by numerous
intermontane basins, all of which were actively subsiding and
accumulating Early Paleocene sediment. (2) A remnant low-
lands and embayment, the Cannonball Sea, extended into the
northern plains states. Rivers arising from uplands in Wyo-
ming, western Colorado, and Utah drained northeastward into
this depression. (3) Tributaries arising from the Laramide
front and basins of southwestern New Mexico and west Texas
drained southeastward into and along the Mexican foreland
trough. There they debouched into the deepwater Laramide
foreland basin in northern Mexico. (4) Only the drainage
arising along and west of the southern Rockies of New Mexico
drained eastward toward the Gulf. The San Juan and Raton
basins in northern New Mexico and southern Colorado were
actively filling and likely sequestered much of the sediment
load. Similarly, the Denver basin sequestered sediment derived
from the Front Range that likely was a tributary to a mid-
continent river system. In summary, diversion of sediment
north to the Cannonball or south to the Mexican foreland
trough combined with sequestration in the numerous subsid-
ing intermontane basins to limit sediment supply to the GoM
and consequent delay in coastal progradation onto and across
the relict Late Cretaceous shelf.

By 62 Ma the northern Gulf margin shifted rapidly from
starvation to feast. Initially two dominant continental rivers
integrated tributaries arising from the northern and central
Front Range (Figure 8.7 ). Headward expansion and piracy
extended tributaries westward to the Green River basin and
across New Mexico into Arizona. Perhaps of equal importance,
several of the large interior basins, including the Denver,
Raton, and San Juan had filled, allowing export of sediment
into the east-flowing trunk streams. However, interior drain-
age centered on the Uinta basin of Utah, and north-flowing
drainage through the Powder River basin diverted sediment
into closed intermontane receiving basins. Although the alter-
native drainage basin mapping of Sharman et al. (2016) limits
central Rocky Mountain input to the Mississippi system,
diverting the tributaries southward to the Colorado, several
observations favor the reconstruction of a large east-flowing
trunk stream as shown here. (1) Detrital zircon data

Figure 8.5 Explanation for paleogeographic maps, Figures 8.6 to 8.16.
From Galloway et al. (2011).
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Figure 8.14 Late Miocene drainage
basin paleogeography. Modified from
Galloway et al. (2011).

Figure 8.15 Pliocene drainage basin
paleogeography. Modified from
Galloway et al. (2011).
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those flowing north toward Hudson Bay is poorly constrained.
Figure 8.5 provides the explanation applicable to all maps.

8.1.2.1 Paleocene–Middle Eocene
Four drainage reconstructions reflect the geomorphic evolu-
tion of drainage basins through the Laramide Phase. The first
map (Figure 8.6) addresses the question of why sediment
supply to the Gulf was minimal during the first two million
years of the Paleocene, despite the Late Cretaceous emergence
of tectonically active Laramide uplands. At this time, the Gulf
shoreline extended far onto the continent, well inland of the
modern outcrop belt. Although global sea level was high, it was
not extreme and would, in fact, remain comparatively high
throughout the Laramide Phase. The map suggests several
possible contributing factors. (1) The uplands of the central
Front Range and Western Interior were flanked by numerous
intermontane basins, all of which were actively subsiding and
accumulating Early Paleocene sediment. (2) A remnant low-
lands and embayment, the Cannonball Sea, extended into the
northern plains states. Rivers arising from uplands in Wyo-
ming, western Colorado, and Utah drained northeastward into
this depression. (3) Tributaries arising from the Laramide
front and basins of southwestern New Mexico and west Texas
drained southeastward into and along the Mexican foreland
trough. There they debouched into the deepwater Laramide
foreland basin in northern Mexico. (4) Only the drainage
arising along and west of the southern Rockies of New Mexico
drained eastward toward the Gulf. The San Juan and Raton
basins in northern New Mexico and southern Colorado were
actively filling and likely sequestered much of the sediment
load. Similarly, the Denver basin sequestered sediment derived
from the Front Range that likely was a tributary to a mid-
continent river system. In summary, diversion of sediment
north to the Cannonball or south to the Mexican foreland
trough combined with sequestration in the numerous subsid-
ing intermontane basins to limit sediment supply to the GoM
and consequent delay in coastal progradation onto and across
the relict Late Cretaceous shelf.

By 62 Ma the northern Gulf margin shifted rapidly from
starvation to feast. Initially two dominant continental rivers
integrated tributaries arising from the northern and central
Front Range (Figure 8.7 ). Headward expansion and piracy
extended tributaries westward to the Green River basin and
across New Mexico into Arizona. Perhaps of equal importance,
several of the large interior basins, including the Denver,
Raton, and San Juan had filled, allowing export of sediment
into the east-flowing trunk streams. However, interior drain-
age centered on the Uinta basin of Utah, and north-flowing
drainage through the Powder River basin diverted sediment
into closed intermontane receiving basins. Although the alter-
native drainage basin mapping of Sharman et al. (2016) limits
central Rocky Mountain input to the Mississippi system,
diverting the tributaries southward to the Colorado, several
observations favor the reconstruction of a large east-flowing
trunk stream as shown here. (1) Detrital zircon data

Figure 8.5 Explanation for paleogeographic maps, Figures 8.6 to 8.16.
From Galloway et al. (2011).
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Figure 8.14 Late Miocene drainage
basin paleogeography. Modified from
Galloway et al. (2011).

Figure 8.15 Pliocene drainage basin
paleogeography. Modified from
Galloway et al. (2011).
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those flowing north toward Hudson Bay is poorly constrained.
Figure 8.5 provides the explanation applicable to all maps.

8.1.2.1 Paleocene–Middle Eocene
Four drainage reconstructions reflect the geomorphic evolu-
tion of drainage basins through the Laramide Phase. The first
map (Figure 8.6) addresses the question of why sediment
supply to the Gulf was minimal during the first two million
years of the Paleocene, despite the Late Cretaceous emergence
of tectonically active Laramide uplands. At this time, the Gulf
shoreline extended far onto the continent, well inland of the
modern outcrop belt. Although global sea level was high, it was
not extreme and would, in fact, remain comparatively high
throughout the Laramide Phase. The map suggests several
possible contributing factors. (1) The uplands of the central
Front Range and Western Interior were flanked by numerous
intermontane basins, all of which were actively subsiding and
accumulating Early Paleocene sediment. (2) A remnant low-
lands and embayment, the Cannonball Sea, extended into the
northern plains states. Rivers arising from uplands in Wyo-
ming, western Colorado, and Utah drained northeastward into
this depression. (3) Tributaries arising from the Laramide
front and basins of southwestern New Mexico and west Texas
drained southeastward into and along the Mexican foreland
trough. There they debouched into the deepwater Laramide
foreland basin in northern Mexico. (4) Only the drainage
arising along and west of the southern Rockies of New Mexico
drained eastward toward the Gulf. The San Juan and Raton
basins in northern New Mexico and southern Colorado were
actively filling and likely sequestered much of the sediment
load. Similarly, the Denver basin sequestered sediment derived
from the Front Range that likely was a tributary to a mid-
continent river system. In summary, diversion of sediment
north to the Cannonball or south to the Mexican foreland
trough combined with sequestration in the numerous subsid-
ing intermontane basins to limit sediment supply to the GoM
and consequent delay in coastal progradation onto and across
the relict Late Cretaceous shelf.

By 62 Ma the northern Gulf margin shifted rapidly from
starvation to feast. Initially two dominant continental rivers
integrated tributaries arising from the northern and central
Front Range (Figure 8.7 ). Headward expansion and piracy
extended tributaries westward to the Green River basin and
across New Mexico into Arizona. Perhaps of equal importance,
several of the large interior basins, including the Denver,
Raton, and San Juan had filled, allowing export of sediment
into the east-flowing trunk streams. However, interior drain-
age centered on the Uinta basin of Utah, and north-flowing
drainage through the Powder River basin diverted sediment
into closed intermontane receiving basins. Although the alter-
native drainage basin mapping of Sharman et al. (2016) limits
central Rocky Mountain input to the Mississippi system,
diverting the tributaries southward to the Colorado, several
observations favor the reconstruction of a large east-flowing
trunk stream as shown here. (1) Detrital zircon data

Figure 8.5 Explanation for paleogeographic maps, Figures 8.6 to 8.16.
From Galloway et al. (2011).
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Cather et al.

1182 Geosphere, December 2012

(Wobus and Epis, 1978). The central Colorado 
paleovalleys underwent episodic cutting and 
fi lling until ca. 36–35 Ma, when a dominantly 
aggradational regime began. In Wyoming, the 
lower parts of these paleovalleys typically are 
fi lled with conglomeratic and tuffaceous sedi-
ments of the Chadronian White River Group 
(Evanoff, 1990). The incision of paleovalleys 
therefore occurred between ca. 50 Ma (the age of 
initial development of the Rocky Mountain ero-
sion surface) and ca. 37 Ma (the age of the earli-
est fi ll in the paleovalleys). Deep erosion (~3 km) 
also occurred 36.4–34.3 Ma in the Sawatch 
Range of central Colorado (Zimmerer, 2011), but 
this may be the result of local  volcano-tectonism.

The second line of evidence for a late middle 
Eocene erosional episode is the nearly complete 
lack of Duchesnean-age strata in the basins of 
the Wyoming-Colorado region (Fig. 4; Table 1). 
As noted by Lillegraven and Ostresh (1988) and 
Lillegraven (1993), in most Wyoming basins 
Chadronian beds disconformably overlie Uintan  
or older strata; Duchesnean beds are rare. A 
regional lacuna in the Paleogene strata of Wyo-

ming (Lillegraven, 1993) suggests that erosion 
began in the late Uintan or early Duchesnean  
(ca. 42–40 Ma) and continued until the early 
Chadronian (ca. 37 Ma). This stratigraphic 
relationship is clearly illustrated in the Powder 
River Basin, where the Chadronian White River 
Group overlies lower Eocene Wasatch beds at 
Pumpkin Buttes (Love, 1952), and in the gang-
plank area near Cheyenne where the White 
River Group overlies Upper Cretaceous strata 
(Lillegraven, 1993).

The scarcity of Duchesnean beds in basins 
of the Wyoming region is probably the result of 
erosion rather than nondeposition. This is 
shown by contemporaneous drainage inci-
sion of the Rocky Mountain surface on nearby 
uplifts, and the fact that these incised drainages 
were locally graded to the adjacent, exhumed 
basins. The depth of erosion in the basins is 
not well constrained, although AFT data from 
a well on the northern margin of the greater 
Green River Basin indicate ~2 km of erosion ca. 
42 Ma (Cerveny  and Steidtmann, 1993). Stable 
isotope data from mammalian teeth suggest 

that kilometer-scale relief was present in south-
central Wyoming during the Chadronian (Bar-
ton and Fricke, 2006). The late middle Eocene 
episode of erosion in the Wyoming region was 
not recog nized by McMillan et al. (2006), who 
interpreted continuous slow subsidence and 
sedi menta tion in the Wyoming region from the 
end of the Laramide to the late Miocene.

South and west of the Wyoming-Colorado 
area, Duchesnean beds are widespread in 
Laramide basins (Fig. 4). Examples include the 
Uinta Basin (Duchesne River Formation; Lucas, 
1992), the Claron Basin (Brian Head Forma-
tion; Eaton et al., 1999), the Baca Basin (Baca 
Formation; Cather, 2004; Prothero et al., 2004), 
the Galisteo Basin (Galisteo Formation; Lucas, 
1982; Lucas and Williamson, 1993), the Big 
Bend region of Texas (Robinson et al., 2004; Kirk 
and Williams, 2011), and possibly the  Carthage–
La Joya Basin (Baca Formation; Cather, 2004, 
2009). In contrast to the Wyoming-Colorado 
area, the Rocky Mountain erosion surface in the 
Chuska Mountains of the central Colorado Pla-
teau (Tsaile surface of Cooley, 1958; Schmidt, 
1991) was not dissected by fl uvial incision prior 
to its burial by the Chuska Sandstone during the 
latest Eocene (ca. 34 Ma; Cather et al., 2008). 
We therefore interpret the area south and west of 
the Wyoming-Colorado region to be outside the 
area of late middle Eocene erosion.

The eastern and northern boundaries of the 
area of late middle Eocene erosion are poorly 
constrained. The northwestern part of the 
eroded area may have been contiguous with an 
area of middle Eocene uplift in the Idaho region 
that formed in response to southward-migrat-
ing magmatism and extension, as suggested 
by stable isotope data (e.g., Mix et al., 2011). 
These processes, however, were unlikely to have 
caused the late middle Eocene episode of ero-
sion in Wyoming and Colorado, given the scar-
city of signifi cant magmatism (except locally 
along the Colorado Mineral Belt; Mutschler 
et al., 1987; Chapin, 2012) and the lack of con-
temporaneous extension. Instead, we suggest 
that Duchesnean erosion in Wyoming and Colo-
rado was caused by uplift related to the cessa-
tion of Laramide subduction-driven dynamic 
subsidence (see following).

Insofar as is known, paleodrainage patterns 
during the late middle Eocene erosion event 
were similar to preceding Laramide patterns. 
An exception is the southern Front Range, 
where Laramide paleodrainages that carried 
volcaniclastic detritus northeastward from the 
South Park area to the Denver Basin (Tweto, 
1975) were supplanted by southeast-fl owing 
paleodrainages that cut deep paleovalleys into 
the Rocky Mountain surface during the late 
middle Eocene (Epis and Chapin, 1975; Steven 

Figure 3. Time-stratigraphic 
column showing chronology 
of Cenozoic epochs, North 
American land mammal ages 
(NALMA), and erosion episodes 
discussed in text. Q—Quater-
nary; Plio—Pliocene.
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of stratigraphic sequences within the GOM 
basin (Galloway, 1989), older basins (Carva-
jal and Steel, 2009), and globally (Thorne and 
Swift, 1991; Catuneanu et al., 2009).

(2) Sediment supply to the GOM refl ects 
the interplay of fi ve variables: 1) areal extent 
of river drainage basins, 2) source area relief, 
3) climate of the source areas and tributary sys-
tems, 4) lithology of the sediment sources, and 
5) sediment storage within the drainage basin. 

These are interdependent variables. Variables 
1–3 encompass the fundamental controls of 
fl uvial sediment load: area, elevation, runoff, 
and temperature (Syvitski and Milliman, 2007). 
The fourth refl ects the balance between bedrock 
erosion versus recycling of older but unconsoli-
dated sediments. The fi fth is a product of the 
continental scale of the Gulf drainage basins and 
the geomorphic diversity of the landscapes upon 
which they are developed.

(3) Climate has played an important and com-
plex role in modulating supply. Precipitation 
rate determined overall runoff. In wet tropical to 
temperate climate regimes, abundant runoff effi -
ciently removed entrained sediment. Arid cli-
mate limited runoff; resultant transport-limited 
(Syvitski and Milliman, 2007) tributaries and 
trunk streams deposited aggradational alluvial 
aprons, storing sediment in the drainage basin 
even in the absence of a structural depression. 
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Erosional events in Rockies vs. sediment in Gulf--not exactly one to one...
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Figure 4. Map showing areas of late middle Eocene (ca. 42–37 Ma) erosion, deposition, and inferred paleodrainages relative 
to isopachs for early Laramide deposition. Abbreviations for erosion control points (red) and depositional control points 
(blue) are keyed to Table 1. Other abbreviations: AFT—apatite fi ssion track; Twr—eroded area beneath the White River 
Group; RMS—incised Rocky Mountain erosion surface; TS—unincised Tsaile erosion surface. See text for discussion.
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Figure 8. Map showing area of deep late Miocene–Holocene (ca. 6–0 Ma) erosion, the Jemez volcanic lineament, incision depths of modern 
rivers, and exhumation depths from thermochronometric data (lowercase letters, keyed to localities in Table 3). AHe—apatite (U-Th)/He 
thermochronometry. See text for discussion.

6-0 Ma
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Figure 8. Map showing area of deep late Miocene–Holocene (ca. 6–0 Ma) erosion, the Jemez volcanic lineament, incision depths of modern 
rivers, and exhumation depths from thermochronometric data (lowercase letters, keyed to localities in Table 3). AHe—apatite (U-Th)/He 
thermochronometry. See text for discussion.
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previously described regional differences in the 
uplift histories (Fig. 10) and the local effects 
of extensional tectonism in southern Utah and 
along the Rio Grande rift. We note also that con-
structional volcanic topography and increased 
lithospheric buoyancy beneath volcanic fi elds 
may have produced higher elevations at some 
vesicle-study localities than was typical region-
ally. Additional scatter results from differences 
between techniques and from the low precision 
of the paleoelevation determinations (standard 

errors [1σ] are indeterminate for the qualitative 
NLR method, ±400–800 m for lapse-rate meth-
ods [see summary in Meyer, 2001], ±700–890 m 
for the paleoenthalpy method [Forest et al., 
1995; Wolfe et al., 1998; cf. Peppe et al., 2010, 
who claimed ±2000 m], and ±400 m for vesicle 
paleoaltimetry [Sahagian et al., 2002a]).

Despite these sources of variation, sev-
eral trends are apparent in Figure 9. The NLR 
paleobotanical technique generally produces 
significantly lower paleoelevation estimates 

(and thus greater postdepositional uplift) for 
individual localities than the paleoenthalpy 
and the lapse-rate physiognomic techniques, 
both of which suggest that near-modern sur-
face elevations were attained in the Paleogene. 
Vesicle-based paleoelevation determinations, 
which are largely from rocks younger than 
those of the paleobotanical sites, favor attain-
ment of near-modern surface elevations during 
the late Cenozoic, although the details of the 
uplift history within the Neogene are unclear 

Figure 9. Paleoelevation and postdepositional 
uplift data for southwestern North America 
plotted against erosion episodes (stipple pat-
tern), the ignimbrite fl are-up of New Mexico 
and Colorado (IFu NM & CO), and paleo-
climate episodes (blue and green bands). 
Climate abbreviations: MMCO—middle 
Miocene climate optimum; ENSO—El Niño–
Southern Oscillation; NAM—enhanced 
North American monsoon; NHG—Northern 
Hemisphere glaciation. (A) Plot of paleo-
elevation versus  age. (B) Plot of postdepo-
sitional surface uplift (modern elevation 
minus paleo elevation; inverted scale) versus 
age. Two end-member scenarios (X and Y) 
for possible paleoelevation and uplift histo-
ries are depicted (see text). Stars correspond 
to projected position of Florissant prior to 
post-Miocene tilting of western Great Plains 
and the eastern Front Range (see text). 
Localities (uppercase letters) are keyed to 
Table 4. Superscripts denote data sources: 
1MacGinitie  (1969); 2MacGinitie (1953); 
3Wolfe (1994); 4Axelrod and Bailey  (1976); 
5Meyer (1986); 6Wolfe (1996); 7Gregory and 
McIntosh (1996, Meyer [1992] method); 
8Gregory and McIntosh  (1996, Wolfe 
[1992] method); 9Axelrod (1997); 10Wolfe 
and Schorn (1989); 11Wolfe et al. (1998); 
12Gregory and McIntosh (1996, Forest et al. 
[1995] method); 13Gregory and Chase (1992); 
14Huntington et al. (2011); 15Fan et al. (2011). 
All vesicle data are from Sahagian et al. 
(2002a). Cret.—Cretaceous; Plio.—Pliocene; 
Q—Quaternary.
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Note the BF at ~16 Ma is the clumped isotope work we saw before



province upon removal of the Farallon slab roughly 30–40Myr
ago11,12 (Fig. 3a).

Evidence for a chemically distinct Colorado Plateau lithosphere is
seen in iron-depleted major-element compositions of mantle xeno-
liths from the western United States (Methods), suggesting that the
plateau has undergone greater melt extraction than surrounding

regions8–10. The enigmatic tectonic stability of the plateau maybe a
result of this depletion10, as the residuum following basalt removal is
buoyant and/or of higher viscosity22,23 and resists convective disrup-
tion24 over timescales of 1 Gyr. Xenoliths also show that the Colorado
Plateau may be in isopycnic equilibrium10, with thicker lithosphere
beneath the plateau than its surroundings. High seismic wave speeds
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Figure 1 | Data (metres) used to derive the modelled residual rock uplift
function. See Methods for details of model. a, Net Cenozoic (0–65Myr ago)
rock uplift across the Colorado Plateau7, determined by stratigraphic
constraints from field relations at the points marked (black dots). Laramide
features: Uinta basin (UB), San Rafael swell (SRS), Uncompahgre uplift
(UU), Monument uplift (MU), east Kaibab uplift (EKU), Defiance uplift
(DU), San Juan basin (SJB), Zuni uplift (ZU), La Sal Mountains (LS). Inset,
2u-by-2u smoothed rock uplift function that effectively removes Laramide-
related features. b, Net Cenozoic erosion function (smoothed rock uplift

minus smoothed surface elevation; negative numbers denote burial).
c, Flexural response to net Cenozoic erosion on the Colorado Plateau and
extension in regions adjacent to the plateau (Methods), determined using a
continuous plate with effective elastic plate thickness that was varied from
Te5 20 to 30 km (ref. 19). Representative results are shown for Te5 20 km.
d, Residual rock uplift function after flexural responses to erosion and
extension (c) are removed from the smoothed rock uplift (inset in a). Scale
bars in a, b and d show horizontal map distances in kilometres.
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1979; Spencer and Patchett, 1997; Faulds
et al., 2002), and paleoelevation studies
(e.g., Wolfe et al., 1998). 

Mechanisms proposed to drive later-
Cenozoic epeirogeny of the overall
plateau include anomalous compositional
or thermal properties of the lithospheric
and asthenospheric mantle related to
magmatism or the fate of the Farallon
slab, as partly described above (e.g.,
Morgan and Swanberg, 1985; Humphreys
and Dueker, 1994; Lowry et al., 2000;
Lastowka et al., 2001). For example, anal-
ysis of crustal thickness and buoyancy
and mantle properties of the region sug-
gest that anomalously buoyant or dy-
namic asthenosphere is required to sup-
port the present elevation of the plateau
(Lowry et al., 2000; Lastowka et al., 2001)
and this may supply a fraction of the total
rock uplift. Isostatic rebound from ero-
sional exhumation of the Colorado
Plateau can also provide some rock up-
lift, as evaluated in the following section,
but this results in surface lowering rather
than surface uplift. 

The competing hypotheses posed for
uplift of the plateau underscore consider-
able uncertainty in our understanding of
the uplift and erosional history of the re-
gion. Baseline data sets quantifying total

rock uplift and erosion in the plateau are
essential for testing these ideas. 

STRATIGRAPHIC-GEOMORPHIC-GIS
EXERCISE

Uplift and erosion can be directly re-
constructed in the Colorado Plateau us-
ing geologic evidence. Geographic infor-
mation systems (GIS), for example,
provide a tool for data compilation and
spatial calculations of this sort, and the
wealth of existing research and data on
the plateau’s stratigraphy enables land-
scape reconstruction precise enough to
capture the spatial variability in rock up-
lift and erosion within the region. Two
stratigraphic markers key to our effort
are: (1) Late Cretaceous coastal marine
strata that originally covered nearly the
entire Colorado Plateau and represent the
last known time surface elevation was at
sea level; and (2) the Eocene-Oligocene
stratigraphic boundary, which is the most
important datum we use to approximate
the land surface before its transition from
internal drainage and sediment accumu-
lation to overall erosion of the plateau
landscape. The timing of this transition
certainly varied with locality. Hunt (1969)
hypothesized that the Uinta and Piceance
basins of the northern plateau became

externally drained at about this time, but
it arguably occurred in Miocene time in
the southwestern plateau. For our pur-
poses, the paleosurface we reconstruct,
generalized as ca. 30 Ma, everywhere
predates the major incision that has sub-
sequently defined the landscape. In up-
lands of the neighboring Rocky
Mountains, the late Eocene–early
Oligocene is represented by the “late
Eocene erosion surface” that formed as
Laramide highlands were eroded to rela-
tively low relief and basin sedimentation
slowed (e.g., Epis and Chapin, 1975).
Though much of the Colorado Plateau
was a depositional basin, there are vol-
canic edifices and Laramide uplifts that
must have been marked by an erosional
rather than depositional surface in the
Oligocene, which we take into account
in our reconstruction. Through spatial re-
construction of the present elevation of
Late Cretaceous coastal deposits, we
quantify the total amount of Cenozoic
rock uplift. Through reconstructing the
post-Laramide terrain, we can calculate
subsequent erosional exhumation of the
plateau by subtracting present-day eleva-
tion from it (Fig. 3), and then estimating
the resultant isostatic uplift. 

Interpolation Methods
We produce two spatially oriented data

sets of point values and then interpolate
a continuous three-dimensional surface
from each. The best interpolation method
for this was evaluated by doing an analo-
gous exercise for present-day topogra-
phy. One hundred locations representa-
tive of topographic variability were
chosen, and spot elevations at these
places were extracted from the base digi-
tal elevation model (Fig. 4A). By compar-
ing the mean elevation and standard de-
viation of the interpolated surface to
actual topography, we found that a sur-
face fit as a tensioned spline using the
five nearest points to interpolate the
value of a given cell (cell diameter =
1 km) worked well (Fig. 4B). Surfaces in-
terpolated in this manner are smoother
and have longer wavelengths than pre-
sent-day topography, but so do the pale-
osurfaces we are reconstructing.

Calculating Total Rock Uplift
We derive Cenozoic rock uplift

through reconstructing the present depo-
sitional marker of upper Cretaceous

Figure 3. Book and Roan Cliffs between Price and Green River, Utah, as an example of
estimated rock uplift and post-Laramide exhumation, looking north at ~900 m of relief over
dual escarpment. Local marker of Cenozoic rock uplift is uppermost Castlegate Formation
coastal sandstone of Cretaceous Interior Seaway—the last known point in stratigraphy when
region was at sea level. The reconstructed Eocene-Oligocene stratigraphic boundary projects
~350 m above the peaks of the Roan Cliffs based on southward extrapolation of the middle
Cenozoic stratigraphy preserved farther north in Uinta Basin. Thus we estimate there has
been ~350 m of post-Eocene erosional exhumation above the peaks, but ~1250 m of
exhumation at toe of escarpment in foreground.

Pederson, GSA Today 2002

 A. Net Cenozoic (0–65 Myr ago) rock uplift across the Colorado Plateau, determined by stratigraphic constraints from field relations at the points marked (black dots). Laramide features: Uinta basin (UB), San Rafael swell (SRS), Uncompahgre 
uplift (UU), Monument uplift (MU), east Kaibab uplift (EKU), Defiance uplift (DU), San Juan basin (SJB), Zuni uplift (ZU), La Sal Mountains (LS). Inset, 2u-by-2u smoothed rock uplift function that effectively removes Laramide- related features. b, 
Net Cenozoic erosion function (smoothed rock uplift minus smoothed surface elevation; negative numbers denote burial)



province upon removal of the Farallon slab roughly 30–40Myr
ago11,12 (Fig. 3a).

Evidence for a chemically distinct Colorado Plateau lithosphere is
seen in iron-depleted major-element compositions of mantle xeno-
liths from the western United States (Methods), suggesting that the
plateau has undergone greater melt extraction than surrounding

regions8–10. The enigmatic tectonic stability of the plateau maybe a
result of this depletion10, as the residuum following basalt removal is
buoyant and/or of higher viscosity22,23 and resists convective disrup-
tion24 over timescales of 1 Gyr. Xenoliths also show that the Colorado
Plateau may be in isopycnic equilibrium10, with thicker lithosphere
beneath the plateau than its surroundings. High seismic wave speeds
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Figure 1 | Data (metres) used to derive the modelled residual rock uplift
function. See Methods for details of model. a, Net Cenozoic (0–65Myr ago)
rock uplift across the Colorado Plateau7, determined by stratigraphic
constraints from field relations at the points marked (black dots). Laramide
features: Uinta basin (UB), San Rafael swell (SRS), Uncompahgre uplift
(UU), Monument uplift (MU), east Kaibab uplift (EKU), Defiance uplift
(DU), San Juan basin (SJB), Zuni uplift (ZU), La Sal Mountains (LS). Inset,
2u-by-2u smoothed rock uplift function that effectively removes Laramide-
related features. b, Net Cenozoic erosion function (smoothed rock uplift

minus smoothed surface elevation; negative numbers denote burial).
c, Flexural response to net Cenozoic erosion on the Colorado Plateau and
extension in regions adjacent to the plateau (Methods), determined using a
continuous plate with effective elastic plate thickness that was varied from
Te5 20 to 30 km (ref. 19). Representative results are shown for Te5 20 km.
d, Residual rock uplift function after flexural responses to erosion and
extension (c) are removed from the smoothed rock uplift (inset in a). Scale
bars in a, b and d show horizontal map distances in kilometres.
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province upon removal of the Farallon slab roughly 30–40Myr
ago11,12 (Fig. 3a).

Evidence for a chemically distinct Colorado Plateau lithosphere is
seen in iron-depleted major-element compositions of mantle xeno-
liths from the western United States (Methods), suggesting that the
plateau has undergone greater melt extraction than surrounding

regions8–10. The enigmatic tectonic stability of the plateau maybe a
result of this depletion10, as the residuum following basalt removal is
buoyant and/or of higher viscosity22,23 and resists convective disrup-
tion24 over timescales of 1 Gyr. Xenoliths also show that the Colorado
Plateau may be in isopycnic equilibrium10, with thicker lithosphere
beneath the plateau than its surroundings. High seismic wave speeds
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Figure 1 | Data (metres) used to derive the modelled residual rock uplift
function. See Methods for details of model. a, Net Cenozoic (0–65Myr ago)
rock uplift across the Colorado Plateau7, determined by stratigraphic
constraints from field relations at the points marked (black dots). Laramide
features: Uinta basin (UB), San Rafael swell (SRS), Uncompahgre uplift
(UU), Monument uplift (MU), east Kaibab uplift (EKU), Defiance uplift
(DU), San Juan basin (SJB), Zuni uplift (ZU), La Sal Mountains (LS). Inset,
2u-by-2u smoothed rock uplift function that effectively removes Laramide-
related features. b, Net Cenozoic erosion function (smoothed rock uplift

minus smoothed surface elevation; negative numbers denote burial).
c, Flexural response to net Cenozoic erosion on the Colorado Plateau and
extension in regions adjacent to the plateau (Methods), determined using a
continuous plate with effective elastic plate thickness that was varied from
Te5 20 to 30 km (ref. 19). Representative results are shown for Te5 20 km.
d, Residual rock uplift function after flexural responses to erosion and
extension (c) are removed from the smoothed rock uplift (inset in a). Scale
bars in a, b and d show horizontal map distances in kilometres.
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Flexure + 
Rebound Residual

Flexure and rebound reflect Cz extension on margins and sediment/erosion loading.  Residual then should be net uplift (in essence, tectonic uplift)
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reversal of drainage along the Mogollon Rim at 
40–20 Ma induced by mid-Tertiary extension in 
central Arizona (e.g., Elston and Young, 1991), 
the abrupt truncation of the western plateau edge 
by extension from 16 to 11 Ma (e.g., Brady et 
al., 2000; Faulds et al., 2001), the appearance of 
the fi rst Colorado River sediments in the Grand 

Wash trough after deposition of the Hualapai 
limestone near 6 Ma Hualapai limestone (e.g., 
Spencer et al., 2001), and the timing of incision 
of a Grand Canyon with kilometer-scale relief 
(e.g., Young, 1979; Lucchitta, 1979). A proposed 
marine origin for the upper Miocene Hualapai 
Limestone immediately west of the Grand Wash 

Cliffs and the Bouse Formation (preserved well 
downstream) along the lower reaches of the Col-
orado (Blair, 1978) suggested 800 m (the mod-
ern elevation of the youngest Hualapai Lime-
stone) of plateau uplift since 6 Ma (Lucchitta, 
1979). However, geochemical and physical evi-
dence for a lacustrine origin of the Hualapai and 
Bouse makes this interpretation questionable 
(Spencer and Patchett, 1997; House et al., 2005). 
The only direct paleoaltimetry estimate for the 
southwestern portion of the plateau is based on 
the size distribution of vesicles in young basalts 
that suggests a general acceleration of uplift 
through the Tertiary (Sahagian et al., 2002), but 
this interpretation is also controversial (Libarkin 
and Chase, 2003; Sahagian et al., 2003). Thus, 
despite decades of debate, the timing of uplift of 
the southwestern Colorado Plateau is still only 
bracketed between ca. 80 Ma and the present, 
with little consensus on the details.

Timing Constraints on Incision

The timing and mechanisms of incision of 
the Grand Canyon, and the paleohydrology of 
the Colorado River, are highly controversial. 
From studies of the sedimentary record in the 
Grand Wash Trough where the Colorado River 
currently exits the western margin of the Colo-
rado Plateau, it appears clear that the Colorado 
River did not become integrated into its modern 
course until after the 5.97 ± 0.07 Ma deposition 
of the Hualapai limestone (Longwell, 1946; 
Lucchitta, 1979, 1989; Faulds et al., 2001; 
Spencer et al., 2001). However, the course of 
the river from 16 to 5 Ma is problematic, result-
ing in a remarkable diversity of proposals for the 
pre-Pliocene paleohydrology of the southwest-
ern plateau. A major topic of debate is whether 
lake spillover led to top-down river integration 
(e.g., Spencer and Pearthree, 2001; House et 
al., 2005) or headward erosion led to capture of 
an ancestral northward fl owing Colorado River 
(e.g., Lucchitta 1979; Lucchitta et al., 2001). 
Another important uncertainty involves the role 
of pre-Pliocene paleocanyons in controlling the 
subsequent course of the river. The presence of 
the deeply incised Peach Springs and Salt River 
paleocanyons along the plateau margin, men-
tioned above, has led some workers to propose 
an extensive ancestral northeastward-fl owing 
drainage system that may have included portions 
of the Grand Canyon (e.g., Potochnik, 2001; 
Young 2001, 2008). Quaternary Grand Canyon 
incision rates appear insuffi cient to carve the 
entire canyon in 6 m.y., indicating either that 
incision rates have decreased or that the modern 
river exploited paleocanyons that were present 
prior to river integration (e.g., Pederson et al. 
2002; Karlstrom et al., 2007).
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Apatite (U-Th)/He data (N = 152) were 
acquired from 15 samples of Triassic Moenkopi 
sandstone and fi ve samples of Permian Espla-
nade and Coconino sandstone (Fig. 3B). The 
Moenkopi Formation was targeted because it is 
distributed as erosional remnants on the Kaibab 
surface throughout much of the southwestern 
plateau, commonly contains abundant detrital 
apatites, and provides a datum with which we can 
assess the relationship between net erosion and 
structural position. The Esplanade and Coconino 
Formations are not as widely exposed but locally 
provide important constraints, relative to the 
Moenkopi datum, on unroofi ng at lower levels of 
the stratigraphic column. In all studied samples, 
the apatite dates are signifi cantly younger than 
the unit’s depositional age, indicating signifi -
cant post-depositional He loss from the apatites. 
The sample results can be subdivided into two 
types. Type A samples yielded dates with ≤20% 
standard deviation, and results are reported as 
the sample mean and sample standard devia-
tion (Fig. 3B, Table 1). Type B samples yielded 
dates characterized by >20% standard deviation, 
and the results are reported as the range of dates 
(Fig. 3B, Table 1). Type B samples commonly 
display a positive correlation of apatite date with 
[eU] and [He], while type A samples lack such 
a relationship (Fig. 5). Using this characteriza-
tion system, the results suggest subdivision of 
the study area into three zones (Fig. 3B). Along 
the plateau margin, samples are entirely type A, 
which we defi ne as zone 1. Within the southwest-
ern plateau interior, samples are entirely type B 
and are all positively correlated with broad [eU] 
(>40 ppm) variation, which we defi ne as zone 3. 
Between the interior and the rim, the results may 
be used to defi ne zone 2, including samples that 
are either type A or type B, with type B apatite 
dates not always correlated with [eU].

We acquired apatite (U-Th)/He data (N = 
27) for fi ve samples of Rim gravels (Fig. 3A) 
(Elston et al., 1989; Young, 1999, 2001). The 
samples include: a coarse arkose near Frazier 
Wells; three samples from a single outcrop 
at Long Point consisting of a coarse arkose, a 
suite of granitic clasts, and a suite of volcanic 
clasts; and an indurated conglomerate contain-
ing angular to subrounded cm-scale clasts of 
limestone, sandstone, and granite from the Blue 
Ridge gravel locality (Elston et al., 1989). The 
samples from Frazier Wells and Long Point 
are assigned to the Music Mountain Forma-
tion (Young, 1999). These samples are charac-
terized by a broad span of dates not correlated 
with [eU], and are thus reported as a span of 
sample dates (Fig. 3A). Apatites (N = 16) from 
the Frazier Wells arkose and the clasts at Long 
Point yielded dates from 153 to 48 Ma, with 12 
of 16 apatites <90 Ma. Apatites (N = 6) from 
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Figure 3. (A) Apatite (U-Th)/He dates for Grand Canyon crystalline basement and Rim 
gravel samples. The sample mean and standard deviation are reported for the basement 
samples. The span of dates is reported for the Rim gravel samples. (B) Apatite (U-Th)/He 
dates for Moenkopi, Esplanade, and Coconino sandstone samples. Dates for samples in ital-
ics were previously reported in Flowers et al. (2007). For samples that yielded dates with 
≤20% standard deviation (type A), the mean dates and standard deviations are reported. 
For samples that yielded dates with >20% standard deviation (type B), the range of dates is 
reported. Zone 1 samples are type A, and yielded the oldest consistent detrital apatite dates. 
Zone 3 samples are type B, and show a positive correlation of date with [eU]. Zone 2 samples 
include both sample types, with type B sample dates not always correlated with [eU]. 

Flowers et al.

576 Geological Society of America Bulletin, May/June 2008

Apatite (U-Th)/He data (N = 152) were 
acquired from 15 samples of Triassic Moenkopi 
sandstone and fi ve samples of Permian Espla-
nade and Coconino sandstone (Fig. 3B). The 
Moenkopi Formation was targeted because it is 
distributed as erosional remnants on the Kaibab 
surface throughout much of the southwestern 
plateau, commonly contains abundant detrital 
apatites, and provides a datum with which we can 
assess the relationship between net erosion and 
structural position. The Esplanade and Coconino 
Formations are not as widely exposed but locally 
provide important constraints, relative to the 
Moenkopi datum, on unroofi ng at lower levels of 
the stratigraphic column. In all studied samples, 
the apatite dates are signifi cantly younger than 
the unit’s depositional age, indicating signifi -
cant post-depositional He loss from the apatites. 
The sample results can be subdivided into two 
types. Type A samples yielded dates with ≤20% 
standard deviation, and results are reported as 
the sample mean and sample standard devia-
tion (Fig. 3B, Table 1). Type B samples yielded 
dates characterized by >20% standard deviation, 
and the results are reported as the range of dates 
(Fig. 3B, Table 1). Type B samples commonly 
display a positive correlation of apatite date with 
[eU] and [He], while type A samples lack such 
a relationship (Fig. 5). Using this characteriza-
tion system, the results suggest subdivision of 
the study area into three zones (Fig. 3B). Along 
the plateau margin, samples are entirely type A, 
which we defi ne as zone 1. Within the southwest-
ern plateau interior, samples are entirely type B 
and are all positively correlated with broad [eU] 
(>40 ppm) variation, which we defi ne as zone 3. 
Between the interior and the rim, the results may 
be used to defi ne zone 2, including samples that 
are either type A or type B, with type B apatite 
dates not always correlated with [eU].

We acquired apatite (U-Th)/He data (N = 
27) for fi ve samples of Rim gravels (Fig. 3A) 
(Elston et al., 1989; Young, 1999, 2001). The 
samples include: a coarse arkose near Frazier 
Wells; three samples from a single outcrop 
at Long Point consisting of a coarse arkose, a 
suite of granitic clasts, and a suite of volcanic 
clasts; and an indurated conglomerate contain-
ing angular to subrounded cm-scale clasts of 
limestone, sandstone, and granite from the Blue 
Ridge gravel locality (Elston et al., 1989). The 
samples from Frazier Wells and Long Point 
are assigned to the Music Mountain Forma-
tion (Young, 1999). These samples are charac-
terized by a broad span of dates not correlated 
with [eU], and are thus reported as a span of 
sample dates (Fig. 3A). Apatites (N = 16) from 
the Frazier Wells arkose and the clasts at Long 
Point yielded dates from 153 to 48 Ma, with 12 
of 16 apatites <90 Ma. Apatites (N = 6) from 
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interior, confi rming an overall pattern of south-
west to northeast denudation. Second, models 
that reproduce the distributions of sample dates 
indicate a single dominant phase of Laramide 
unroofi ng along the plateau margin, in contrast 
to multiphase unroofi ng that denuded the south-
western plateau interior. Third, regional data 
patterns suggest signifi cant differences in the 
migration of unroofi ng between Sevier-Laramide 
time and mid- to Late Tertiary time. Apatites 
from Lower Granite Gorge basement proximal 
to the plateau rim are older (Late Cretaceous) 
than those from Upper Granite Gorge basement 
samples from the southwestern plateau interior 
(mid-Tertiary), and the youngest apatite dates 
from the Triassic and Permian sandstones sys-
tematically young from the margin (Early Ter-
tiary) to the interior (mid-Late Tertiary) (Fig. 7). 
The youngest apatite dates for the detrital sand-
stones are signifi cant, because they have the low-
est effective closure temperatures, and therefore 
yield dates that are most sensitive to the fi nal 
removal of Mesozoic to Tertiary overburden. 
Although it is impossible to know whether we 
obtained the youngest date in each sample, the 
coherent regional pattern strongly supports the 
interpretation of southwest to northeast removal 
of overburden (Fig. 7). Toward the northwest, 
in northwestern Arizona (Figs. 3B and 7A), the 
data record (1) Sevier-Laramide unroofi ng along 
the plateau margin, with denudation to the Kai-
bab surface by the time of deposition of the Rim 
gravels at ca. 50 Ma, (2) mid-Tertiary unroofi ng 
(28–18 Ma) recorded both on the Kaibab sur-
face and in the basement of the Grand Canyon, 
indicating this was a signifi cant denudational 
phase, and (3) Late Tertiary unroofi ng (<16 Ma) 
north of the Grand Canyon. Toward the south-
east, in east-central Arizona (Figs. 3B and 7B), 
the data indicate (1) Sevier-Laramide unroofi ng 
along the plateau margin, with denudation to 
the Kaibab surface by the time of deposition of 
the Rim gravels at 35 Ma, and (2) mid-Tertiary 
unroofi ng (28–18 Ma) to the Kaibab surface 
prior to the onset of deposition of the Bidahochi 
Formation at 16 Ma.

The temperature-time paths that best explain 
our data set imply that the entire Kaibab surface 
exposed in the study area cooled below 65–
70 °C in Early Tertiary time. We constructed a 
map showing the inferred time at which the Kai-
bab surface cooled below 45 °C (Fig. 7C). We 
interpret a diachronous single phase of unroof-
ing along the plateau margin, as implied by the 
uniform dates within individual samples that are 
younger southeastward along the plateau margin 
(Figs. 5 and 7). The northeastward advance of 
the second phase of unroofi ng within the south-
western plateau interior is inferred from our 
modeled distributions of sample dates (Figs. 6 

0

20

40

60

80

0 50 100 150 200
Distance from plateau rim (km)

(U
-T

h)
/H

e 
da

te
 (M

a)

Bidahochi Formation

Rim Gravels

B B‘
SW NE

0

20

40

60

80

0 50 100 150 200
Distance from plateau rim (km)

(U
-T

h)
/H

e 
da

te
 (M

a)

Rim Gravels
? ?

SW NE

A A‘

113°W 111°W

34°N

36°N

34°N

100 km

>60 Ma

50-60 Ma

35-50 Ma

18-28 Ma

0-6 Ma

0 Ma

Cooling of Kaibab surface to < 45 °C

NN
B

B‘

A

A‘

A

B

C

Figure 7. Apatite (U-Th)/He date versus distance from the plateau rim margin for cross 
sections through (A) northwestern study area, A–A′, and (B) southeastern study area, B–
B′. Locations of cross-section lines indicated in (C) Diamonds represent data for Triassic 
Moenkopi sandstones, and squares represent data for Permian Esplanade and Coconino 
sandstones. For type A samples, the sample mean and standard deviation is plotted. For 
all samples, the youngest date is plotted (see text for additional explanation). The location 
and timing constraints for deposition of the Rim gravels and Bidahochi Formation are also 
shown. (C) Map showing the time at which the Kaibab surface is inferred to have cooled 
below 45 °C. Time periods not shown are intervals during which the landscape was rela-
tively stable. Dashed lines indicate regions less constrained by data. 

Flowers et al., GSA Bull, 2008



F
low

ers et al.

582 
G

eological Society of A
m

erica B
ulletin, M

ay/June 2008

N-tilting of plateau ~0.4o, erosional bevelling in mid-Cretaceous
Late Cretaceous deposition

SW NE

> 1500 m Cretaceous strata
inferred from complete He loss in 
Moenkopi apatites below Cretaceous

Cretaceous unconformably 
overlies bevelled erosion surface

80 Ma
sea level

-1

0

-2

-3

-4

-5

km

-1

0

-2

-3

-4

-5

km

Maximum burial

Cretaceous

Precambrian
Paleozoic

Triassic/
Jurassic

0 100 200
km

25x vertical exaggeration

Moenkopi

0 100 200
km

      Sevier and 
Mogollon highlands

50-35 Ma

SW NE

1 km

Milkweed/Hindu/
Peach Springs
paleocanyons incised

Laramide 
development
of East Kaibab 
monocline

Tertiary rim gravels
Minimum (U-Th)/He apatite 
dates ca. 50 Ma

(U-Th)/He apatite
basement dates 
ca. 75-70 Ma

(U-Th)/He apatite
dates suggest partial
unroofing of 
plateau interior

(U-Th)/He apatite
Moenkopi dates 
ca. 68-51 Ma

Additional NE-tilting of plateau, erosional bevelling
Paleocanyon incision
Rim gravel northward transport and deposition

Post-Laramide configuration

Incision of
paleo-
Grand 
Canyon?

28 MaSW NE

1 km

0 100 200
km

Reversal of drainage

2

3

1

0

-1

km

2

3

1

0

-1

km

0 Ma
SW NE

0 100 200
km

Moenkopi
Volcanics 
(0-16 Ma)

Tertiary rim 
gravels

East Kaibab 
monocline

Vermilion/
Echo cliffs

Black Mesa 
Basin

Transition Zone

Cretaceous

Colorado River flowing W through Grand Wash cliffs 5-6 Ma

     Grand Canyon
(Upper Granite Gorge)

     Grand Canyon
(Lower Granite Gorge)

     Milkweed/Hindu
       paleocanyons

plateau
rim

limit, major
Tertiary 
extension

Precambrian

Paleozoic

Triassic/
Jurassic

sea level

Present-day

Configuration following mid-Tertiary phase of unroofing

16 Ma

SW NE

Youngest (U-Th)/He
apatite dates 
18-23 Ma 

Colorado River not yet
integrated and Lower
Granite Gorge not yet
carved

Youngest apatite (U-Th)/He dates
suggest Moenkopi still buried

Incision below
Kaibab surface
post-20 Ma

1 km

Peach Springs
Tuff, 18.6 Ma

Significant unroofing 30-16 Ma
Eastern study area denuded to modern level by 
  onset of Bidahochi Formation deposition at 16 Ma
Significant excavation of Grand Canyon below Kaibab surface post-20 Ma

0 100 200
km 25x vertical exaggeration

B

A

C

D

E

Figure 8. Reconstructed cross sections through the study area at (A) 80 Ma, (B) 50–
35 Ma, (C) 28 Ma, (D) 16 Ma, and (E) present day. Vertical exaggeration is 25×. 
Approximate location of cross section is shown in Figure 1 by cross-section line A–A″. 
Features to the NW and SE of the cross-section line are projected onto the cross-sec-
tion from along strike.

Flowers et al., GSA Bull, 2008



Flowers et al.

584 Geological Society of America Bulletin, May/June 2008

the lower part of the Colorado River derived in 
part from central Utah, there is strong consensus 
that a through-going Colorado River existed at 
least as far back as 5 Ma (e.g., Spencer et al., 
2001). Rapid, young denudation of the interior 
portions of the southwestern plateau supports 
the hypothesis that river integration induced the 
latest phase of plateau unroofi ng by providing a 
mechanism to effi ciently remove large sediment 
volumes from the plateau interior (Pederson et 
al., 2002).

Implications for the Relationship between 
Unroofi ng, Incision, and Surface Uplift in 
the Upper Granite Gorge Region

Our new results impose important constraints 
on the controversial timing of uplift and inci-
sion of the southwestern Colorado Plateau, 
especially in the Upper Granite Gorge region of 
the plateau interior. In this section, we describe 
and evaluate two endmember models for the 
relationship between these processes (Fig. 10). 
We note that although these endmembers echo 
the views of many geologists since the time of 
John Wesley Powell’s exploration of the can-
yon, neither precisely describes the views of 
any particular investigator or period of investi-
gation. Concise, modern overviews of the com-
plex evolution of ideas relating to this topic may 
be found in Ranney (2005) and Powell (2005). 
In one endmember, regional unroofi ng to the 
Kaibab surface occurred prior to Late Tertiary 
incision of the Grand Canyon and coeval uplift 
of the plateau, implying that regional unroofi ng 
of the Mesozoic (Dutton’s Great Denudation) 
is genetically unrelated to uplift and incision 

of the Grand Canyon (Dutton’s Great Erosion) 
(Fig. 10, model #1). In the opposite endmem-
ber, canyon incision and plateau uplift in Early 
Tertiary time preceded regional unroofi ng, such 
that regional unroofi ng is a direct consequence 
of these processes (Fig. 10, model #2). In this 
extreme, a high-relief Early Tertiary “equilib-
rium” landscape lowers itself largely unchanged 
onto the present landscape, such that the carv-
ing of the modern Grand Canyon from Kaibab 
down to basement was accompanied by equiva-
lent lowering of the plateaus on the canyon’s rim 
from Cretaceous down to Permian.

In support of the general viability of the 
low-relief denudation of model #1, we cite 
the pre-mid Cretaceous erosion of ~1500 m of 
Lower Triassic through Upper Jurassic units 
(~0.03 mm/yr for ~56 m.y.), followed by depo-
sition of Late Cretaceous marine sediments 
(Fig. 8A). Deposition on either side of the low-
relief, basal Cretaceous erosion surface occurred 
at or near sea level (e.g., Blakely, 1989), and 
therefore it is diffi cult to envisage the growth 
and demise of kilometer-scale topographic 
relief during this erosional event. This particu-
lar example does not specifi cally support either 
of the models in Figure 10, which apply only to 
post–mid-Cretaceous unroofi ng. Rather, it cau-
tions us not to presume that unroofi ng is a direct 
proxy for surface uplift, or that erosional unroof-
ing at moderate rates requires the development 
of kilometer-scale relief.

Our data indicate signifi cant denudation of 
the southwestern plateau interior during the 
mid-Tertiary (28–16 Ma), most likely due to 
drainage reversal across the plateau rim. The 
question of whether this unroofi ng was associ-

ated with elevation gain of the plateau interior is 
diffi cult to address on the evidence for unroof-
ing alone. Along the plateau margin, substantial 
topographic relief had developed by the mid-
Tertiary in the Salt River Canyon (850–1400 m) 
and along the Mogollon Rim (~600 m). Because 
regional drainage had reversed such that the 
plateau interior was now the source region for 
gravels deposited in these areas, the southwest-
ern plateau interior presumably had attained 
signifi cant elevation by this time (Peirce et al., 
1979; Potochnik, 2001). Uplift of at least a por-
tion of the plateau interior may have occurred 
as early as the Early Tertiary, when the plateau 
margin was topographically higher than the 
plateau interior and the area had developed a 
net structural relief of >5500 m. If our models 
for the thermal histories of samples from the 
Upper Granite Gorge region are correct, they 
would imply that a signifi cant proto–Grand 
Canyon had incised post-Paleozoic strata by 
the early Eocene, therefore indicating kilo-
meter-scale elevation gain of at least this part 
of the plateau during Sevier-Laramide time. 
These results are inconsistent with models for 
the rise of the entire plateau from near sea level 
during Late Tertiary time (Fig. 10, model #1), 
and indicate that at least part of the uplift was 
decoupled from the integration of a southwest-
fl owing Colorado River in latest Miocene time. 
Rather, the data suggest a scenario more similar 
to model #2 (Figs. 9 and 10), in which canyon 
incision and substantial plateau uplift in Early 
Tertiary time preceded the mid- and Late Ter-
tiary unroofi ng episodes that denuded the pla-
teau interior. Clearly, however, our data do not 
preclude a signifi cant  component of elevation 
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however, this dips steepens to several degrees, a consequence of the 

pre-Basin and Range, Laramide-age Mogollon highlands, a belt of uplift 

that formed the mountainous southern rim of what is now the 

Colorado Plateau. Lucchitta called the downfaulted northwest exten-

sion of this belt the "Kingman uplifi." The dip of the strata, even 

though gentle, has had a major effect on the geomorphic development 

of the area. We can work this development out because Miocene 

basaltic flows of various ages have preserved features of the landscape 

that existed when the lavas were emplaced. 

Prelava Landscape and Geomorphic Processes 

1.  At the southern end of the Shivwits, lavas rest directly on the 

Permian Kaibab Limestone. These lavas are 7.6 Ma (Lucchitta and 

McKee, 1975) to 8.2 Ma (Wenrich and others, 1995). An even 

older basalt (9.1 Ma, Haman, personal communication, 1975) also 

rests on the Kaibab at Snap Point. This shows that Mesozoic rocks 

had been stripped away from the southernmost Shivwits Plateau by 

9.1 to 7,6 Ma. 

The surface beneath lavas as young as 6 Ma is smooth, extensive, 

and of very low relief, even at the edge of the plateau, where now 

the topography drops precipitously into Grand Canyon. This is 

good evidence that Grand Canyon topography did not exist when 

the lavas were emplaced. 

There is no evidence of Shivwits lavas cascading into Grand 

Canyon, even at effusive centers such as Price Point. On the other 

hand, lavas only a million or so years older at Snap Point did cas-

cade down the Grand Wash Cliffs, at whose bottom they pooled in 

Nevershine Mesa. This shows that the Grand Wash Cliffs already 

existed essentially in their present form by 9.1 Ma, which agrees 

with evidence of many kinds from the Grand Wash trough. It also 

reinforces the contention that no Grand Canyon existed when the 

Shivwits lavas were emplaced, because, otherwise, they would have 

cascaded into the canyon and should be visible as erosional rem-

nants. 

The smooth sublava surface is interrupted in places by channels as 

much as tens of meters deep. One notable channel is at Snap Point, 

another at Price Point. The gravels contained in these channels are 

of local derivation and composed predominantly of Kaibab lime-

stone and chert. Significantly material derived from the Mesozoic 

section, for example durable pebbles from the Shinarump Member 

of the Chinle Formation, is largely absent from the southernmost 

part of the Shivwits Plateau. These gravels define a consequent 

drainage flowing northeast, down the structural slope. 

5.  Farther north on the plateau, very well rounded cobbles of pink 

quartzite are present in places between the basalt and underlying 

Moenkopi Formation. These are very much like the indestructible 

cobbles of the Cannonball Member of the Claron Formation (we 

did not pursue this question to any degree). Whatever their precise 

origin, the cobbles are likely to be reworked from lower Tertiary 

units. There are two ways of accounting for the presence of the 

quartzite cobbles on the Shivwits. Either they are a lag, in which 

case units like the Claron would at one time have been present on 

the Shivwits Plateau; or they were brought here by streams tapping 

likely source areas for the cobbles to the north. The latter would 

represent a former drainage to the south for much of the Shivwits. 

As we shall see below, the two processes may have succeeded each 

other with time. 

6.  A very different gravel is exposed between 6 Ma basalt and 

Moenkopi on the west flank of Grassy Mountain, at ~36°16' 44" N. 

113°26' 20" W (Note: It is important not confuse this with gravel 

on the north flank of the mountain, which is part of the basal 

Timpoweap Member of the Moenkopi Formation.) The gravel in 
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Large"canyon"between"arrow"and"red"dot"is"Spencer"Canyon.""Red"star"is"location"of"Milkweed"Canyon"
section"shown"in"Figure"30.""Triangle"is"in"Hindu"Canyon"channel."Width"of"image:"80"km"(49.6miles)."""

Young, Az Contrib GeolSurv Rept., CR-11-O, 2011

Red dot is “Separation Canyon Hill” butte (Figure 28); Red arrow is source of basalt shown on Figures 28 and 29. Large canyon between arrow and red dot 
is Spencer Canyon. 
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#

!
Figure#29.##��������
	���	�
	��������informal#name)#at#the#upper#right,#capped#by#30#feet#of#dark#
Miocene#basalt#(19#Ma;#Wenrich#et#al.#1995)#over#a#similar#thickness#of#lighterEcolored#Buck#and#Doe#
Conglomerate#(Milkweed#member),#sits#directly#on#the#south#rim#of#Grand#Canyon#adjacent#to#�south#
Separation#Canyon�#in#left#foreground#(not#formally#named#on#published#maps).##Same#butte#as#in#Figure#
28.##The#Shivwits#Plateau#is#on#the#horizon#and#Grand#Canyon#is#partially#visible#at#left#center.##South#
Separation#Canyon#is#a#small,#faultEcontrolled#canyon#in#direct#structural#alignment#with#the#betterE
known#Separation#Canyon#(of#J.W.#Powell#fame)#located#on#the#opposite#side#of#the#Colorado#River.##
Note#that#even#minor#erosion#to#begin#the#formation#of#south#Separation#Canyon#would#have#provided#a#
lower,#more#logical#route#for#the#thin,#fluid#basalt#flows#to#follow#as#they#flowed#to#this#location#from#
their#southerly#source#vent#(Red#arrow,#Figure#1b).##The#logical#inference#is#that#neither#Grand#Canyon#
nor#its#modern#tributaries#could#have#existed,#even#in#a#less#incised#state,#when#streams#carried#Buck#
and#Doe#gravels#to#this#location.###The#subsequent#basalt#flows,#whose#source#is#nearly#5#miles#distant,#
would#also#have#followed#the#lowest#available#elevation.##Therefore,#if#any#precursor#to#south#Separation#
Canyon#had#existed#at#that#time,#the#fluid#basalt#would#have#been#diverted#along#such#a#lower#route#and#
would#have#flowed#into#any#older#canyon#that#might#be#postulated#to#have#existed.##Figure#shows#scale.#
#
Comparable!Stratigraphic!Section:!!Milkweed!Canyon,!Central!Hualapai!Plateau!
#
Peach#Springs#Canyon,#Arizona,#is#one#of#the#most#accessible#locations#from#which#to#view#some#
important#geologic#relationships#that#constrain#the#age#of#the#western#Grand#Canyon.##Aside#from#the#
obvious#preEColorado#River#history#preserved#in#the#LaramideEage#canyons#described#above#and#
illustrated#on#the#accompanying#geologic#map,#the#view#across#the#Hualapai#Plateau#from#the#highway#
descending#into#Peach#Springs#(Figure#28)#illustrates#important#physiographic#and#geologic#relationships#

Photo caption: Figure 29. “Separation Canyon Hill” (informal name) at the upper right, capped by 30 feet of dark Miocene basalt (19 Ma; Wenrich et al. 1995) over a similar thickness of lighter-colored Buck and Doe Conglomerate (Milkweed member), sits directly on the south rim of 
Grand Canyon adjacent to “south Separation Canyon” in left foreground (not formally named on published maps). Same butte as in Figure 28. The Shivwits Plateau is on the horizon and Grand Canyon is partially visible at left center. South Separation Canyon is a small, fault-controlled 
canyon in direct structural alignment with the better- known Separation Canyon (of J.W. Powell fame) located on the opposite side of the Colorado River. Note that even minor erosion to begin the formation of south Separation Canyon would have provided a lower, more logical route 
for the thin, fluid basalt flows to follow as they flowed to this location from their southerly source vent (Red arrow, Figure 1b). The logical inference is that neither Grand Canyon nor its modern tributaries could have existed, even in a less incised state, when streams carried Buck and 
Doe gravels to this location. The subsequent basalt flows, whose source is nearly 5 miles distant, would also have followed the lowest available elevation. Therefore, if any precursor to south Separation Canyon had existed at that time, the fluid basalt would have been diverted along 
such a lower route and would have flowed into any older canyon that might be postulated to have existed. Figure shows scale.
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of incision at this site occurred after 6 Ma, again
subject to paleo-groundwater table assumptions.

Other observations imply an older origin for
at least parts of the canyon. Deeply incised paleo-
channels on the Colorado Plateau’s southwestern
edge support an extensive northeastward-flowing
paleodrainage system that included portions
of a paleo–Grand Canyon in the early Tertiary
(14–17). Substantial canyon incision between
17 and 6 Ma was inferred from 19-Ma lavas on
the plateau surface (15, 18, 19) and from speleo-
them dates (12), but the latter are controversial,
owing to their distal locations from the canyon
(13, 20). If an older canyon existed, it is possible
that a smaller drainage basin in largely carbon-
ate lithologies explains the absence of pre–6 Ma
ColoradoRiver clastics in theGrandWashTrough
(19, 21). Grand Canyon history is further com-
plicated by the possibility that its eastern and
western segments evolved independently and
later merged into the modern configuration (15).
As discussed below, our work supports an east-
west dichotomy in incision history, and our data
are presented accordingly.

Apatite (U-Th)/He (AHe) thermochronom-
etry can document canyon incision because of
its unique sensitivity to topographically induced
temperature variations in the shallow crust (22).
Rocks cool as they approach Earth’s surface by
erosion, andAHe data record this cooling history.
Prior application of this method to the eastern
Grand Canyon suggested incision of a kilometer-
scale paleocanyon by 55 Ma, with subsequent
downcutting of this canyon below the modern
plateau surface in late Tertiary time. This history
is compatible with the suggestion that incision of
much of the eastern half of the canyon occurred
after 6 Ma (23). In contrast, AHe data from the
western Grand Canyon suggest excavation to
within several hundred meters of the canyon’s
modern depth by ~70 Ma, in direct conflict with
the young canyon model (21). The unexpected
implications of this initial Grand Canyon AHe
work motivated the apatite 4He/3He and U-Th
zonation study presented here.

The apatite 4He/3He method provides even
greater sensitivity to canyon incision by con-
straining cooling histories down to ~30°C from
the spatial distribution of radiogenic 4He in the
crystal (24). Successful interpretation of both
AHe dates and 4He/3He spectra demands ac-
curate understanding of He behavior in apatite.
Although the role of radiation damage in retard-
ing apatite He diffusion and the superposition
of U-Th zonation effects on 4He/3He spectra
have recently been characterized (25–28), verifi-
cation of the methodology is limited. Because
the eastern Grand Canyon yields AHe dates that
are generally consistent with previous models
of late Tertiary canyon incision, we use this re-
gion as a test case for the 4He/3He method. With
the use of a recent He diffusion kinetic model
(28), our goal is to assess whether the 4He/3He
results from this suite—which includes apatites
of variable He date, degree of radiation damage,
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Fig. 2. Results for the eastern Grand Canyon. (A) Mean sample AHe date versus mean apatite eU for eight
samples (errors at T1s SD). Dashed red boxes mark the two samples with apatite 4He/3He data. Samples with
apatite U-Th zonation data are indicated with diamonds, with their AHe dates corrected for a ejection using the
mean FTZ (26) values of grains with U-Th zonation data. The red curve shows the predicted date-eU correlation
from best-fit thermal history in (D). ppm, parts per million. Normalized 4He/3He step age plots for (B) two high
eU apatites and (C) two low eU apatites, with 1s uncertainties. Red curves are profiles predicted by best-fit
thermal history in (D). SF3He, cumulative 3He release fraction. (D) Thermal histories that satisfy the AHe dates
for the four samples of variable eU marked by red diamonds in (A) [goodness-of-fit parameter G = 0.3 (30)]
and the four normalized step age profiles in (B) and (C) (G=0.15). The red line denotes best-fit thermal history.
Green boxes are thermal history constraints. Although we have AHe data for eight eastern canyon–bottom
samples (23), for clarity only the locations of the four simulated samples are shown in Fig. 1.

Fig. 1. Grand Canyon shaded relief map showing loca-
tions of canyon-bottom samples with apatite 4He/3He and
AHe data simulated in Figs. 2 and 3. The inset marks the
location of the study area (red rectangle), the Colorado
Plateau (yellow shading), and the Colorado River (blue
line) in the southwestern United States.
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and U-Th zonation—yield mutually consistent
thermal histories. Fulfillment of this expectation
validates application of the method to a similar
data set from the western Grand Canyon to test
the “young” versus “ancient” canyon models.

From two eastern canyon–bottom samples,
we acquired 4He/3He spectra on apatites that have
a large difference in effective uranium concen-
tration (eU) (29) and mean AHe date (Fig. 2,
fig. S1, and tables S1 and S2). We selected these
two samples from a suite in which He dates are
correlated with eU, diagnostic of the effects of
radiation damage on He diffusivity (23) (Fig. 2A).
We mapped U and Th concentrations in these
apatites plus those from two other samples in
the suite (fig. S2 and tables S3 and S4). We per-
formed inverse modeling to find time-temperature
paths that simultaneously satisfy the mean AHe
dates and the 4He/3He spectra (30) (table S5).

Thermal histories were forced through 110°
to 120°C peak temperatures at 80 to 85 Ma, as
suggested by complete annealing of apatite fis-
sion tracks at this time (31), and cooling to 20°
to 25°C surface temperature by present-day. Sta-
tistically acceptable paths (30) are characterized
by a distinctive two-stage cooling trajectory, im-
pose tight constraints on the ~90° to 30°C ther-
mal history experienced by the eastern gorge,
and are consistent with but more restrictive than
the history inferred from the AHe dates alone
(28) and apatite fission-track (AFT) data from the
same area (Fig. 2D) (32). This history records a
distinct late Tertiary cooling phase, permissive
of substantial post–6 Ma incision. Importantly,

the agreement among samples with differing eU
provides compelling evidence that the He diffu-
sion kinetic model we used is appropriate for sim-
ulation of Grand Canyon AHe and 4He/3He data.

Given this validation, we examined a similar
suite of data from the western Grand Canyon
(Fig. 1). Late Cretaceous AHe dates for four
canyon-bottom samples (23, 26) show no corre-
lation with apatite eU, consistent with a single-
phase cooling history also indicated by AFT
data (32) (tables S1 and S6). Apatite 4He/3He data
were obtained from two of these samples (Fig. 3,
fig. S1, and tables S1 and S2). Duplicate 4He/3He
spectra for one sample (CP06-69) are similar,
and apatites from this sample are characterized
by similar U-Th zonation (fig. S2 and tables S3
and S4). In contrast, the 11 apatite 4He/3He spec-
tra for sample GC863 have diverse shapes, arising
from extreme U-Th zoning heterogeneity in this
sample (26) (figs. S1 and S2). Because we do
not have U-Th zonation data for each apatite
with 4He/3He data, this extreme zonation pre-
cludes the use of the GC863 4He/3He results for
inverse modeling.

Consequently, we used the 4He/3He spectra
from CP06-69 and the AHe dates from all four
basement samples (table S5) to constrain sta-
tistically acceptable thermal histories for the
western Grand Canyon (30). We used the same
thermal history constraints as for the eastern Grand
Canyon, differing only in broader age bounds of
100 to 80 Ma for the peak temperature, owing
to the older AHe dates here. Statistically accept-
able paths (30) require rapid cooling to <30°C by

~70 Ma (Fig. 3). Assuming a 20-to-25°C/km
geothermal gradient and a 25°C surface temper-
ature (21, 30), this result implies carving of the
western Grand Canyon to within several hundred
meters of modern depths (70 to 80% of total
incision) by 70 Ma. This history is compatible
with the volcanic and speleothem data within the
western gorge (8, 12).

We used a time-temperature path constructed
from a popular description of post–6 Ma incision
(4, 30) to explicitly test the young canyon model
against our western canyon 4He/3He spectra and
bulk AHe dates. The predicted distribution of AHe
dates is much broader and includes dates younger
than observed (Fig. 3). Similarly, the fits of the
predicted 4He/3He spectra to the measurements
are statistically unacceptable (Fig. 3B). These con-
clusions are insensitive to reasonable assumptions
about the geotherm and surface temperature and
to alternative diffusivity parameters (30) (fig. S3A).
The young canyonmodel also yields a qualitatively
poorer fit than the ancient canyon model to the
4He/3He spectra of the strongly eU-zoned sample
GC863 (30) (fig. S3B).

The western Grand Canyon 4He/3He and
AHe data demand a substantial cooling event
at 70 to 80 Ma and provide no evidence for the
strong post–6 Ma cooling signal predicted by
the young canyon model. Thus, when applying
our best understanding of apatite He diffusion
kinetics derived from recent work (25, 28), apatite
He data support carving of most of the western
Grand Canyon by ~70 Ma and are inconsistent
with the conventional view that the entire can-
yon was cut after 6 Ma (4). Moreover, the results
imply a dichotomy in eastern andwestern canyon
carving, characterized by coeval excavation of an
eastern paleocanyon (23) and substantial carving
of the modern western gorge by 70 Ma (21),
followed by substantial late Tertiary incision re-
stricted to the eastern canyon. This history sup-
ports a model (21) in which much of the Grand
Canyon was carved by an ancient Cretaceous river
that flowed eastward from western highlands,
with Tertiary reversal of the river’s course as to-
pography rose in the east and collapsed in the west.
Thus, this incision history has profound impli-
cations for the evolution of topography, landscapes,
hydrology, and tectonism in the North American
Cordillera.
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Fig. 3. Results for the western Grand Canyon. (A)
Distribution of measured AHe dates for multiple rep-
licates of four samples (upper panel) compared with
AHe dates predicted by the best-fit thermal history
from the inverse modeling suggesting an “ancient”
Late Cretaceous canyon [middle histogram, using the
red cooling path in (C)], and those predicted by the
conventional “young” post–6 Ma canyon model [bot-
tom histogram, using the blue path in (C)]. (B) Nor-
malized 4He/3He step age plots for two apatites from
CP06-69. Red and blue curves are profiles predicted
by the best-fit and young canyon thermal histories in
(C), respectively. (C) Thermal histories that satisfy the
bulk AHe data in (A) (G = 0.3) and the two normalized
step age profiles in (B) (G = 0.32). The red line de-
notes best-fit thermal history. The blue line shows
conventional post–6 Ma incision history based on (4)
as described in (30) and yields a substantially poorer fit
to the AHe data and 4He/3He spectra in (A) and (B) (G <
0.06). Green boxes are thermal history constraints.

21 DECEMBER 2012 VOL 338 SCIENCE www.sciencemag.org1618

REPORTS

 o
n 

M
ar

ch
 6

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

CP06-69 is very close to the red dot in map on right
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comprises local fluvial and volcaniclastic deposits rather than 
basin fill from an exotic river, and it is a small-volume unit 
with low sediment accumulation rates (Love, 1989; Dallegge 
et al., 2001).

Hunt’s hypothesis (b), that the river arrived in the central-
western Grand Canyon area and simply infiltrated and 
terminated, never gained traction—and was not well loved even 
by Hunt himself. The final hypothesis (c), that the river exited 
the Colorado Plateau to the northwest and debouched into the 
Basin and Range, has been described by Lucchitta (1990). These 
two ideas are both predicated upon the Colorado River gaining 
its path across the Kaibab uplift in middle Cenozoic time (Fig. 
1). Davis (1901) and Strahler (1948) long ago recognized that 
the river’s maneuver across this particular uplift does not 
require a different explanation than the one evident for the 
other Laramide orogens of the plateau—superposition. Indeed, 
thermochronological data indicate that significant canyon relief 
developed across the Kaibab uplift ca. 30–25 Ma, when a thick 
Mesozoic sedimentary section remained in the area east of 
the Kaibab uplift where there is now an erosional declivity 
(Lee, 2007; Flowers et al., 2008). It therefore seems likely that 
as it established its present path through the central plateau 

in late Oligocene–early Miocene time, the paleoriver flowed 
westward on the Mesozoic section, was superimposed along 
the curving south edge of the Kaibab uplift, and crossed into 
the central-western Grand Canyon region (Lucchitta, 1990).

The most viable candidate for a sedimentary record of 
this potential drainage in hypothesis (c) is the Muddy Creek 
Formation in the basins north of Lake Mead (Fig. 1). To 
understand the origin of this basin fill, a series of exposures 
and samples along a west-to-east transect from the Table Mesa 
basin through the Glendale Basin and into the Virgin Basin 
were studied to determine provenance and record how the 
exposed upper Muddy Creek facies change laterally (Fig. 2). 
Could this basin fill represent the terminus of the ancestral 
upper Colorado River? Longwell’s (1928) original assessment of 
the Muddy Creek in the southern Virgin Basin was that its fine-
grained sedimentary fill is incompatible with a Colorado River 
origin. But the Colorado River’s famously large sediment load 
is ~90% clay, silt, and sand, and recent research on the Muddy 
Creek basin fill has resurrected the idea that the ancestral 
Colorado may have been a sediment source (Pederson et 
al., 2000). If this is true, then the Muddy Creek would be 
a slightly older analog for a series of units along the lower 

Figure 1. Regional geography and topography of Grand Canyon and Lake Mead region along the Colorado River at the edge of the Colorado Plateau 
(gray area of inset), southwestern United States. Large arrows indicate hypothetical paths of late Miocene upper Colorado River before major incision of 
Grand Canyon, with letters matching the hypotheses as reviewed in the text.

Pederson, GSA Today, 2008
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however, this dips steepens to several degrees, a consequence of the 

pre-Basin and Range, Laramide-age Mogollon highlands, a belt of uplift 

that formed the mountainous southern rim of what is now the 

Colorado Plateau. Lucchitta called the downfaulted northwest exten-

sion of this belt the "Kingman uplifi." The dip of the strata, even 

though gentle, has had a major effect on the geomorphic development 

of the area. We can work this development out because Miocene 

basaltic flows of various ages have preserved features of the landscape 

that existed when the lavas were emplaced. 

Prelava Landscape and Geomorphic Processes 

1.  At the southern end of the Shivwits, lavas rest directly on the 

Permian Kaibab Limestone. These lavas are 7.6 Ma (Lucchitta and 

McKee, 1975) to 8.2 Ma (Wenrich and others, 1995). An even 

older basalt (9.1 Ma, Haman, personal communication, 1975) also 

rests on the Kaibab at Snap Point. This shows that Mesozoic rocks 

had been stripped away from the southernmost Shivwits Plateau by 

9.1 to 7,6 Ma. 

The surface beneath lavas as young as 6 Ma is smooth, extensive, 

and of very low relief, even at the edge of the plateau, where now 

the topography drops precipitously into Grand Canyon. This is 

good evidence that Grand Canyon topography did not exist when 

the lavas were emplaced. 

There is no evidence of Shivwits lavas cascading into Grand 

Canyon, even at effusive centers such as Price Point. On the other 

hand, lavas only a million or so years older at Snap Point did cas-

cade down the Grand Wash Cliffs, at whose bottom they pooled in 

Nevershine Mesa. This shows that the Grand Wash Cliffs already 

existed essentially in their present form by 9.1 Ma, which agrees 

with evidence of many kinds from the Grand Wash trough. It also 

reinforces the contention that no Grand Canyon existed when the 

Shivwits lavas were emplaced, because, otherwise, they would have 

cascaded into the canyon and should be visible as erosional rem-

nants. 

The smooth sublava surface is interrupted in places by channels as 

much as tens of meters deep. One notable channel is at Snap Point, 

another at Price Point. The gravels contained in these channels are 

of local derivation and composed predominantly of Kaibab lime-

stone and chert. Significantly material derived from the Mesozoic 

section, for example durable pebbles from the Shinarump Member 

of the Chinle Formation, is largely absent from the southernmost 

part of the Shivwits Plateau. These gravels define a consequent 

drainage flowing northeast, down the structural slope. 

5.  Farther north on the plateau, very well rounded cobbles of pink 

quartzite are present in places between the basalt and underlying 

Moenkopi Formation. These are very much like the indestructible 

cobbles of the Cannonball Member of the Claron Formation (we 

did not pursue this question to any degree). Whatever their precise 

origin, the cobbles are likely to be reworked from lower Tertiary 

units. There are two ways of accounting for the presence of the 

quartzite cobbles on the Shivwits. Either they are a lag, in which 

case units like the Claron would at one time have been present on 

the Shivwits Plateau; or they were brought here by streams tapping 

likely source areas for the cobbles to the north. The latter would 

represent a former drainage to the south for much of the Shivwits. 

As we shall see below, the two processes may have succeeded each 

other with time. 

6.  A very different gravel is exposed between 6 Ma basalt and 

Moenkopi on the west flank of Grassy Mountain, at ~36°16' 44" N. 

113°26' 20" W (Note: It is important not confuse this with gravel 

on the north flank of the mountain, which is part of the basal 

Timpoweap Member of the Moenkopi Formation.) The gravel in 
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however, this dips steepens to several degrees, a consequence of the 

pre-Basin and Range, Laramide-age Mogollon highlands, a belt of uplift 

that formed the mountainous southern rim of what is now the 

Colorado Plateau. Lucchitta called the downfaulted northwest exten-

sion of this belt the "Kingman uplifi." The dip of the strata, even 

though gentle, has had a major effect on the geomorphic development 

of the area. We can work this development out because Miocene 

basaltic flows of various ages have preserved features of the landscape 

that existed when the lavas were emplaced. 

Prelava Landscape and Geomorphic Processes 

1.  At the southern end of the Shivwits, lavas rest directly on the 

Permian Kaibab Limestone. These lavas are 7.6 Ma (Lucchitta and 

McKee, 1975) to 8.2 Ma (Wenrich and others, 1995). An even 

older basalt (9.1 Ma, Haman, personal communication, 1975) also 

rests on the Kaibab at Snap Point. This shows that Mesozoic rocks 

had been stripped away from the southernmost Shivwits Plateau by 

9.1 to 7,6 Ma. 

The surface beneath lavas as young as 6 Ma is smooth, extensive, 

and of very low relief, even at the edge of the plateau, where now 

the topography drops precipitously into Grand Canyon. This is 

good evidence that Grand Canyon topography did not exist when 

the lavas were emplaced. 

There is no evidence of Shivwits lavas cascading into Grand 

Canyon, even at effusive centers such as Price Point. On the other 

hand, lavas only a million or so years older at Snap Point did cas-

cade down the Grand Wash Cliffs, at whose bottom they pooled in 

Nevershine Mesa. This shows that the Grand Wash Cliffs already 

existed essentially in their present form by 9.1 Ma, which agrees 

with evidence of many kinds from the Grand Wash trough. It also 

reinforces the contention that no Grand Canyon existed when the 

Shivwits lavas were emplaced, because, otherwise, they would have 

cascaded into the canyon and should be visible as erosional rem-

nants. 

The smooth sublava surface is interrupted in places by channels as 

much as tens of meters deep. One notable channel is at Snap Point, 

another at Price Point. The gravels contained in these channels are 

of local derivation and composed predominantly of Kaibab lime-

stone and chert. Significantly material derived from the Mesozoic 

section, for example durable pebbles from the Shinarump Member 

of the Chinle Formation, is largely absent from the southernmost 

part of the Shivwits Plateau. These gravels define a consequent 

drainage flowing northeast, down the structural slope. 

5.  Farther north on the plateau, very well rounded cobbles of pink 

quartzite are present in places between the basalt and underlying 

Moenkopi Formation. These are very much like the indestructible 

cobbles of the Cannonball Member of the Claron Formation (we 

did not pursue this question to any degree). Whatever their precise 

origin, the cobbles are likely to be reworked from lower Tertiary 

units. There are two ways of accounting for the presence of the 

quartzite cobbles on the Shivwits. Either they are a lag, in which 

case units like the Claron would at one time have been present on 

the Shivwits Plateau; or they were brought here by streams tapping 

likely source areas for the cobbles to the north. The latter would 

represent a former drainage to the south for much of the Shivwits. 

As we shall see below, the two processes may have succeeded each 

other with time. 

6.  A very different gravel is exposed between 6 Ma basalt and 

Moenkopi on the west flank of Grassy Mountain, at ~36°16' 44" N. 

113°26' 20" W (Note: It is important not confuse this with gravel 

on the north flank of the mountain, which is part of the basal 

Timpoweap Member of the Moenkopi Formation.) The gravel in 
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however, this dips steepens to several degrees, a consequence of the 

pre-Basin and Range, Laramide-age Mogollon highlands, a belt of uplift 

that formed the mountainous southern rim of what is now the 

Colorado Plateau. Lucchitta called the downfaulted northwest exten-

sion of this belt the "Kingman uplifi." The dip of the strata, even 

though gentle, has had a major effect on the geomorphic development 

of the area. We can work this development out because Miocene 

basaltic flows of various ages have preserved features of the landscape 

that existed when the lavas were emplaced. 

Prelava Landscape and Geomorphic Processes 

1.  At the southern end of the Shivwits, lavas rest directly on the 

Permian Kaibab Limestone. These lavas are 7.6 Ma (Lucchitta and 

McKee, 1975) to 8.2 Ma (Wenrich and others, 1995). An even 

older basalt (9.1 Ma, Haman, personal communication, 1975) also 

rests on the Kaibab at Snap Point. This shows that Mesozoic rocks 

had been stripped away from the southernmost Shivwits Plateau by 

9.1 to 7,6 Ma. 

The surface beneath lavas as young as 6 Ma is smooth, extensive, 

and of very low relief, even at the edge of the plateau, where now 

the topography drops precipitously into Grand Canyon. This is 

good evidence that Grand Canyon topography did not exist when 

the lavas were emplaced. 

There is no evidence of Shivwits lavas cascading into Grand 

Canyon, even at effusive centers such as Price Point. On the other 

hand, lavas only a million or so years older at Snap Point did cas-

cade down the Grand Wash Cliffs, at whose bottom they pooled in 

Nevershine Mesa. This shows that the Grand Wash Cliffs already 

existed essentially in their present form by 9.1 Ma, which agrees 

with evidence of many kinds from the Grand Wash trough. It also 

reinforces the contention that no Grand Canyon existed when the 

Shivwits lavas were emplaced, because, otherwise, they would have 

cascaded into the canyon and should be visible as erosional rem-

nants. 

The smooth sublava surface is interrupted in places by channels as 

much as tens of meters deep. One notable channel is at Snap Point, 

another at Price Point. The gravels contained in these channels are 

of local derivation and composed predominantly of Kaibab lime-

stone and chert. Significantly material derived from the Mesozoic 

section, for example durable pebbles from the Shinarump Member 

of the Chinle Formation, is largely absent from the southernmost 

part of the Shivwits Plateau. These gravels define a consequent 

drainage flowing northeast, down the structural slope. 

5.  Farther north on the plateau, very well rounded cobbles of pink 

quartzite are present in places between the basalt and underlying 

Moenkopi Formation. These are very much like the indestructible 

cobbles of the Cannonball Member of the Claron Formation (we 

did not pursue this question to any degree). Whatever their precise 

origin, the cobbles are likely to be reworked from lower Tertiary 

units. There are two ways of accounting for the presence of the 

quartzite cobbles on the Shivwits. Either they are a lag, in which 

case units like the Claron would at one time have been present on 

the Shivwits Plateau; or they were brought here by streams tapping 

likely source areas for the cobbles to the north. The latter would 

represent a former drainage to the south for much of the Shivwits. 

As we shall see below, the two processes may have succeeded each 

other with time. 

6.  A very different gravel is exposed between 6 Ma basalt and 

Moenkopi on the west flank of Grassy Mountain, at ~36°16' 44" N. 

113°26' 20" W (Note: It is important not confuse this with gravel 
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Fig. 2. Map showing locations and U-Pb ages of cave mammillary samples and
their apparent incision rates. Site numbers (in circles) are those referred to in Table
1 and the text; those in brown circles represent surface-exposedmammillary calcite.
Washout satellite imagewas taken from theNASAWorldWindWeb site, with darker

regions representing higher elevations. Gray area is the canyon corridor. Two cross
sections, A-B and C-D (fig. S3), show generalized pertinent stratigraphy. RM denotes
the river-mile location. Incision rate errors assume d234Uinitial values = 3100‰ for
sites 1, 2, 4, 6, and 9; see Fig. 3C for expanded uncertainties for these sites.

Table 1. U-Pb ages and incision rates from cave mammillaries. RM, river mile; IR, incision rate. Mother Cave mammillary age is estimated from d234Umeasured of
17 ± 3‰ with d234Uinitial of 3000 ± 2500‰. For sites with d234Umeasured = 0‰, d234Uinitial is assumed to be 3100‰. Extended 2s absolute errors on the incision
rates assume a large uncertainty of the d234Uinitial = 3100 ± 2500‰.

Site Region
238 U/206 Pb
age (Ma)

235 U/207 Pb
age (Ma)

Concordia-
constrained
linear 3D age

(Ma)

Dist.
above
river
(m)

Dist.
from
river
(km)

RM IR
(m/My)

2s
error

Abs.
error

Extended
2s
error

Abs.
error

1 Grand
Wash
Cliffs

7.53 ± 0.42 7.1 ± 1.4 7.55 ± 0.34 930 38.6 277 123 +6 –5 +24 –18

2 Cave B 3.8 ± 0.32 4.3 ± 0.5 3.87 ± 0.10 290 0.5 266 75 +2 –2 +35 –15
3 Dry

Canyon
2.17 ± 0.42 8.1 ± 9.9 2.17 ± 0.34 120 1.6 265 55 +10 –7

4 Grand
Canyon
Caverns

17.3 ± 1.60 29.0 ± 14.0 16.96 ± 0.83 1160 28.9 190 68 +4 –3 +4 –3

5 Gavain
Abyss

2.39 ± 0.77 6.2 ± 5.9 2.19 ± 0.47 900 5.5 93 411 +112 –73

6 Tsean
Bida

3.37 ± 0.50 1.0 ± 16.0 3.43 ± 0.43 726 4.6 80 212 +30 –24 +134 –59

7 Butte
Fault
Cave

2.73 ± 0.63 3.7 ± 7.9 2.68 ± 0.49 445 2.6 57 166 +37 –26

8 Bedrock
Canyon

0.8 ± 0.12 0.7 ± 0.3 0.83 ± 0.05 310 2.1 32 374 +22 –20

9 Shinumo Creek
Cave

3.5 ± 1.30 –1.0 ± 5.2 3.72 ± 0.80 920 6.6 94 247 +68 –44 +208 –78

10 Mother 234U age = 1.6 ± 0.5 605 2.2 90 >300
Cave
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Polyak et al, Science, 2008

Using cave speleothems to estimate river level.
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6 Ma Grand Canyon. This treatment argues that 
the 17 Ma date on calcite from Grand Canyon 
caverns is not evidence for a 17 Ma Grand Can-
yon (Polyak et al., 2008). This cave is in the Red-
wall Limestone, 30 km south of the river (Fig. 1) 
in an area where the present water table is at an 
elevation of 410 m below the surface (Arizona 
Department of Water Resources, 2007) and hence 
only 150–250 m below the dated sample, and 
about 1 km above the modern river. The 17 Ma 
calcite may date a time of water-table drop, but 
there is nothing that relates such an event to 
Grand Canyon incision. Furthermore, 150–250 m 
of water-table lowering in 17 Ma would give an 
average rate of 10–15 m/Ma (not the 68 m/Ma 
reported). The 17 Ma age is interpreted here as 
due to initiation of large-magnitude Basin and 
Range extension in this region and associated 
changes in cave hydrology or hydrogeochemistry. 
Similarly, the next oldest U-Pb age (7.1 Ma; Site 1 
of Polyak et al., 2008) is at great distance north 
of the Grand Canyon (38.6 km) and cannot con-
fi dently be related to canyon incision (Pearthree 
et al., 2008).

The remaining U-Pb dates are from caves 
within the Grand Canyon and are all younger than 
4 Ma, consistent with models for a younger 
than 6 Ma Grand Canyon. The best measure of 
the internal consistency of the combined data is 
to plot height versus age for all proposed inci-
sion points (Fig. 3). Two caves (points 2 and 3) 

Colorado River

Quaternary incision
rate (200 m/Ma)
keyed to Table DR2

 Incision rate (200 m/Ma)
from speleothems
keyed to Table DR2

Elevation of
speleothem samples
keyed to Table DR2

Major spring (km from river)
RM aquifer

Vectors scaled to extrapolate the amount of incision in 6 Ma44
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Karlstrom et al., Geology 2008

Note that the actual ages involved are smaller (sometimes by a lot) than the arrows’ scales would suggest. But in general idea of more recent incision of 
eastern canyon seems to be agreed by workers—dispute in west continues…



Redwall and Muav limestones behave as a single hydrostratigraphic
unit. The Redwall–Muav aquifer contains many caves, both of
unconfined (vadose) and confined (artesian, phreatic) types (Huntoon,
2000; Fig. 2).

3. North Rim and South Rim gravels

The location of gravel remnants on the plateaus north and south of
Grand Canyon is shown in Fig. 3. “South Rim gravels” are those south
of the Colorado River that have a traceable source from the south.
“North Rim gravels” are those north of the Colorado River that have a
traceable source from the north.

3.1. South Rim gravels

In the Late Cretaceous to Eocene, rivers that flowed north to
northeast from the Mogollon Highlands deposited a series of gravels

over the Mogollon slope almost all the way to where Grand Canyon
exists today. These so-called “rim gravels” formerly buried much of
northern Arizona beneath 100 m (300 ft) or more of sediment (Young,
2001). Holm (2001) made an attempt to classify gravels in northern
Arizona based on their stratigraphic position and composition,
referring to “rim gravels” as “distant plateau gravels.” These gravels
were deposited over a widespread erosion surface that had developed
on the Hualapai and Coconino Plateaus in Late Cretaceous or early
Paleocene time. This erosion surface cut down to the resistant Kaibab
Limestone on the Coconino Plateau, but to deeper stratigraphic levels
on the Hualapai Plateau. In the area of “Young's channels” (Fig. 3), rim
gravels fill paleocanyons incised to Precambrian rock in parts of Peach
Springs Canyon and to the Cambrian Tapeats Sandstone in Hindu and
Milkweed Canyons (Fig. 4).

Rim gravels are composed of coarse sedimentary (limestone,
chert), metamorphic, and igneous (volcanic and plutonic) debris
eroded from Precambrian and Paleozoic rocks of the Mogollon

Fig. 3. Schematic drawing showing geographic features and place names relative to the location of South Rim and North Rim gravel remnants. The solid red areas denote the “rim
gravels” of Koons (1964) and Scarborough et al. (2007). “Young's channels” are those of Young (2001) denoting rim gravels exposed along Milkweed and Hindu Canyons, Peach
Springs Canyon, and other smaller canyons to the east. The solid yellow areas denote “Canaan Peak-type” gravels coming down from the north. The arrows point in the presumed
direction of transport of these gravels. Note that no South Rim rim gravels (red) have been found north of the Colorado River and no Canaan Peak-type gravels (yellow) have been
found south or east of the Colorado River. JC=Johnson Creek, CK=Cedar Knoll, LCK=Little Cedar Knoll, GN=Goosenecks, WK=West Kaibab arch, EK=East Kaibab arch, KC=Kitchen
Corral, WP=Wire Pass, WH=White House, DB=Dive Butte, CM=Cedar Mountain, BH=Bushhead Knoll, HR=Horse Ridge, NN=No-Name Knoll. The Grassy Mountain and Wupatki
gravels are of problematic origin and are discussed in the text.
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(2 in) in diameter andmore variable in composition. Canaan Peak-type
gravels are very resistant and have endured at least two to three cycles
of erosion. Goldstrand (1990) traced the original source of the
quartzite clasts in the Canaan Peak Formation to the Mississippian
Eleana Formation of southern Nevada.

Over 70 gravel sites have been visited so far in a 6-year gravel study
of the Grand Canyon area (Scarborough et al., 2007). Sites related to
this paper are shown in Fig. 3 (from west to east): Johnson Creek,
Cedar Knoll, Little Cedar Knoll, Goosenecks, west Kaibab arch, east
Kaibab arch, Wire Pass (Fig. 7), Kitchen Corral, White House Ruins,
Dive Butte, Cedar Mountain, and three sites on the Paria Plateau
(Bushhead Knoll, Horse Ridge, and No-Name Knoll). Remnants of
these Canaan Peak-type gravels have been observed on topographic
highs from 2320 m (7600 ft) elevation on the west side of the Kaibab
arch to 1800 m (5890 ft) elevation on Cedar Mountain. They are also
being transported southward and eastward along the present-day
stream channels of Kanab Creek, Paria River, and Escalante River.
Along the flanks of the Kaibab Plateau, Canaan Peak-type residual
gravels were deposited over a Kaibab Limestone surface, but on the
Paria Plateau and north and east of the Kaibab arch they were
deposited on Mesozoic-rock surfaces (Fig. 7).

One other north-rim gravel occurrence is found at Grassy
Mountain directly overlain by the ∼6 Ma Grassy Mountain basalt
(Fig. 3). These Grassy Mountain gravels are controversial but
important because, according to Lucchitta and Jeanne (2001), the
age of the western Grand Canyon partly depends on their proper

interpretation. Lucchitta and McKee (1975) first proposed that the
Grassy Mountain gravels were rim gravels transported from the south
across a continuous Hualapai–Shivwits Plateau just before 6 Ma. This
interpretation means that the entire Grand Canyon (both the eastern
and western sections) could not have existed before 6 Ma. Lucchitta
and Jeanne's (2001) b6 Ma interpretation, however, is in conflict with
the observations of Faulds et al. (1997, 2001), Wallace (1999), Young
(2001), Polyak et al. (2008), and Young (2008) who favored an older
western Grand Canyon.

Scarborough et al. (2007) collected clasts from the west side of
Grassy Mountain and found them to be mostly composed of residual
Shinarump or other pieces of local derivation. A very small percentage
of these gravels were found to be exotic clasts of Tapeats Sandstone,
granite, and quartz-biotite schist. These exotic clasts are subangular in
texture and so were probably not transported very far. An alternative
interpretation to that of Lucchitta and Jeanne (2001) is that the
Kingman uplift/Gold Butte area could be the source of these clasts
(Fig. 3). Beard (1996) placed the unroofing of the Gold Butte granite at
N16 Ma and thought that the entire Paleozoic section was most likely
eroded from part of the Gold Butte block prior to extension. Beard
(1996) also showed the Shivwits scarp of Young (1985) in a position
south of the northern Gold Butte block. Therefore, it is not
unreasonable that the unroofing of the Cambrian Tapeats Sandstone
and Precambrian granite/biotite schist exposed in the northern part of
the Gold Butte area could have supplied these clast types eastward to
Grassy Mountain (Fig. 3)—most likely sometime before 16 Ma, after

Fig. 5. Schematic drawing showing the route of the proposed proto-Grand Canyon in Laramide time. Black arrows show the direction of proposed flow. Red words denote the level to
which this paleocanyon incised. The “barbed tributaries” are those off both the east and west sides of the Kaibab arch that are obtuse to the direction of today's drainage. UGG=Upper
Granite Gorge, H-MW=Hindu-Milkweed Canyon, PS=Peach Springs Canyon, DC=Diamond Creek. Monoclines after Huntoon et al. (1996).
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because, logically, that drainage would have preferably followed the
proto-Kanab Creek paleocanyon already incised there (but with flow
in the opposite direction). The Canaan Peak-type gravels found along
thewest side of the Kaibab arch at a present-day elevation of b2300m
(b7600 ft) attest to a southward drainage having passed along this
route sometime after a drainage reversal. In Fig. 10, this drainage is
shown as having deposited these west Kaibab (WK) Canaan Peak-type
gravels and then as having flowed south to converge with an Upper
Granite Gorge paleocanyon at Mile 130.

Where this drainage ultimately was directed is not known, but it
was most likely not toward the west because at 25–17 Ma the area
west of Grand Canyon was still topographically high (Faulds et al.,
2001). Perhaps this water was ponded in a lake. Or, if the age of Lake
Long Point is extended into the late Eocene to Oligocene as proposed
by Cather et al. (2008), it is even possible that an Oligocene-age,
reversed-drainage system flowed southward into this still-existent
lake (Fig. 10, green dotted line). If a proto-Grand Canyon had incised
down to about Kaibab level in the vicinity of Kanab Point (Miles 130–
145), then a plateau lake south of this point and perched on a Kaibab
Limestone surface would be reasonable. Lake Long Point is envisioned
as being a shallow, widespread lake contained within a basin on the
Coconino Plateau and fed by the Mogollon Highlands to the south and
west, the Kaibab arch to the east, and the emerging high plateaus of
Utah to the north.

6.1.2. Basin and Range faulting
Basin and Range activity along the GrandWash fault started at 16–

17 Ma (Faulds et al., 2001), which was also a time of uplift of the
Colorado Plateau (Libarkin and Chase, 2003; Karlstrom et al., 2007).
The Shivwits scarp had retreated northward from its Laramide Hindu
Canyon position (Young, 1985; Fig. 5), until it was just north of where
Lower Granite Gorge is today (Fig. 10). Young (2008) proposed that a
canyon—which he called a “Colorado precursor canyon”—had cut
headward (eastward) from the Grand Wash Cliffs after Basin and
Range downfaulting began, had followed along this Shiwvits scarp,
and then had extended eastward all the way to the Kaibab arch. The
orange-balled arrows in Fig. 10 show the section of Young's (2008)
headward erosion along the Shivwits scarp; in addition, they show the
direction of regional headward erosion along our Laramide proto-
Grand Canyon from Peach Springs Canyon to the Kaibab arch in the
time frame of 16–6 Ma. The 16–6 Ma headward erosion of this
precursor canyon can, in combination with the erosion of a Laramide
proto-Grand Canyon, answer the challenge posed by Spencer and
Pearthree (2001) of how headward erosion could have extended as far
as the Kaibab arch in such a short time (∼10 Ma). It also agrees with
Pederson et al. (2002) and Karlstrom et al. (2007) that Quaternary
incision rates are inadequate to explain the carving of the entire Grand
Canyon, and it helps explain the “missing mass” problem identified by
these authors.

Fig. 10. The evolution of Grand Canyon from the time of a drainage reversal (∼35 Ma?) to the time of an integrated Colorado River through the canyon at ∼6 Ma. Black
arrows=direction of water flow. Orange-balled arrows=direction of headward erosion. Green dashed arrows=direction of transport of Canaan Peak-type gravels southward and
southeastward from the Bryce Canyon area. Blue open arrows=direction along which southward drainage “slid” westward from its original high position along the west side of the
Kaibab arch (WK), to its intermediate position along Johnson Creek/Cedar Knoll–Little Cedar Knoll/Goosenecks, to its final position along Kanab Creek. Dotted green
arrow=hypothetical drainage route down a south-dipping Supai monocline and into a still-existent Oligocene Lake Long Point. After this time the lake dried up and the Long Point
Limestone was progressively reduced in size by erosion. Yellow areas=remnant Canaan Peak-type gravels still present today along both sides of the Kaibab arch (other remnant
gravels east of the Kaibab arch are shown in Fig. 3). The Shivwits scarp is shown cutting across the Gold Butte area, with the northernmost part of the block supplying material
eastward to Grassy Mountain. C=Confluence, EK=East Kaibab arch, WK=West Kaibab arch, JC=Johnson Creek, LCK=Little Cedar Knoll, CK=Cedar Knoll, GN=Goosenecks,
GV=Grandview monocline, CJ=Crazy Jug monocline, S=Supai monocline, PS=Peach Springs.
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n = 1 and m = 0, then v is the advective (i.e. knickpoint)
velocity. If n ≠ 1 and m > 0, the advective velocity is a non-
linear function of local slope and upstream drainage area.
Together v, m, and n control the value of the advective term,
which sets the knickpoint velocity and governs the transient
shape of a river profile. We assume that k does not vary
along the river profile itself.
[11] If a river profile is at steady-state (i.e. ∂z/∂t = 0;

U = E) and if k = 0, it is widely assumed that U can be
estimated by measuring log(∂z/∂x) as a function of log(A)
measurements [e.g., Schoenbohm et al., 2004; Whipple,
2004; Wobus et al., 2006; Karlstrom et al., 2012]. The
slope of this function is !m/n and its intercept along the y
(i.e. log(∂z/∂x))axis at log(A) = 0 is 1/n log(U/v), which
yields U. There are two fundamental and serious drawbacks
of this form of slope-area analysis. First, observed river
profiles may not have achieved steady state (i.e. ∂z/∂t ≠ 0).
Secondly, and more critically, slope-area analysis is predi-
cated upon differentiation of discrete and noisy measurements.
In Appendix B, we show that slope-area analysis is inherently
unstable and can yield unreliable values of both m/n and U.
More robust uplift histories can be instead be obtained from

river profiles by using an integrative methodology such as
that described here.
[12] In its general form, equation (1) is not amenable to

analytical attack but Pritchard et al. [2009] showed that if
k = 0, if n = 1, and if Am is replaced by, say, x0.5, U(t) can be
recast as

U tð Þ ¼ vxx0:5 ! ∂z
∂x

! "
; ð3Þ

where

t ¼ !
ffiffiffi
L

p
!

ffiffiffi
x

p

0:5vx
: ð4Þ

t is the time taken for a knickzone to retreat to a given
position after an uplift event, L is the total length of the river
in meters, and x is the distance in meters from the source of
the river to the knickzone. Note that vx is not the same as v.
The present-day Colorado River is 2300 km long and there
are two prominent knickzones located 200 and 1000 km
downstream which yields t = 43 and 21 Myrs if, for
example, vx = 50 m0.5 Myr!1. These approximate values of t
suggest that at least two phases of uplift occurred during

Figure 6. Longitudinal river profiles and their upstream drainage areas from Colorado River and Rio
Grande catchments (see Figure 5 for locations). Solid lines = Colorado (C), Green (G), Little Colorado
(LC), San Juan (SJ), Rio Grande (RG) and Rio Puerco (RP) river profiles; man-made dams were removed.
Dotted lines = upstream drainage area of Colorado River and Rio Grande only. Horizontal bars along
base = lithology along river bed : black bar = Precambrian/Paleozoic rocks, gray bar = Mesozoic rocks,
white bar = Cenozoic rocks, red bar = igneous rocks [from Choubert and Faure-Muret, 1990].
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Analyses extend to whole river systems

So the idea of a river system out of equilibrium is that there will be a knick zone that migrates up a river—stretches that are anomalously steep…

Longitudinal river profiles and their upstream drainage areas from Colorado River and Rio Grande catchments (see Figure 5 for locations). Solid lines = Colorado (C), Green (G), Little Colorado (LC), San 
Juan (SJ), Rio Grande (RG) and Rio Puerco (RP) river profiles; man-made dams were removed. Dotted lines = upstream drainage area of Colorado River and Rio Grande only. Horizontal bars along base = 
lithology along river bed : black bar = Precambrian/Paleozoic rocks, gray bar = Mesozoic rocks, white bar = Cenozoic rocks, red bar = igneous rocks [from Choubert and Faure-Muret, 1990]
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Analyses extend to whole river systems

uplift occurred between 80 and 50 Myrs. The rate of uplift
was !0.03 mm/yr which yields a cumulative uplift of 1 km.
The second phase of uplift occurred between 35 and
15 Myrs. The rate of uplift was!0.06 mm/yr, which yields a
cumulative uplift of 1.5 km. A final phase of uplift started
!5 Myrs ago at a slower rate of 0.02 mm/yr. Inverse mod-
eling of the Rio Grande and its tributaries suggests that three
discrete phases of uplift also occurred on the eastern side of
the Colorado Plateau, although uplift rates are smaller
(Figures 10d–10f).
[16] An important advantage of inverse modeling is that

uncertainty in the four erosional parameters can be mapped
into calculated uplift rate histories. Different inversions are
run using different values of v, m, n and k randomly selected
from the ranges given in Table 1. This form of Monte Carlo
inversion allows uncertainty envelopes to be constructed for
U(t). Our results suggest that the uncertainty in U(t)
decreases toward the present day. Inverse modeling can also
be used to directly investigate the effect of varying an indi-
vidual parameter. For example, we initially assumed that
n = 1. However, some studies have suggested that n could be
greater or less than 1 [e.g., Whipple and Tucker, 1999;
Harkins et al., 2007; Ouimet et al., 2009]. We can easily test
the influence of n by running a series of inversions with
0 ≤ n ≤ 2 (Figures 11a–11g). The residual misfit has a pro-
nounced global minimum centered on n = 1, which confirms

our earlier assertion that knickzone retreat does not exhibit
shock wave behavior. The influence of m can be tested in a
similar way. A series of inversions were carried out with
0 ≤ m ≤ 1. In each case, the value of v was chosen to ensure
that Karlstrom et al.’s [2007] incision rate data from the
Grand Canyon were honored. The residual misfit has a broad
global minimum at 0.2 ≤ m ≤ 0.4, which vindicates our
original choice of value (Figures 11h–11n). We also tested
the sensitivity of calculated uplift histories to changes in v
and A (Figures 11o–11bb). Unsurprisingly, residual misfit is
insensitive to moderate changes in either parameter (e.g.
175 ≤ v ≤ 225, A" 0.5A ≤ A ≤ A + 0.5A). Changes in v and A
do change the calculated uplift rate history particularly at
greater times. For example, the change in v shifts the older
phase of uplift by #5 Myr. This form of systematic testing
shows the power of an inverse modeling approach which
permits model space to be explored in systematic ways and
allows uncertainties in parameters to be mapped into the
model.
[17] Our one-dimensional inversion scheme is of limited

practical use since uplift rate varies as a function of both
time and space, U(x, y, t). This more general problem can be
tackled by determining a smooth temporal and spatial his-
tory of uplift which yields the best fit between calculated and
observed river profiles.

Figure 8. Look-up chart for gauging timing of uplift events from knickzone distances along river profile.
vx = 50 m0.5 Myr"1. (a) River length plotted as a function of knickzone distance. Numbered lines are iso-
chrons in Myrs which yield timing of uplift event for a given knickzone distance-river length pair. Mag-
nitude of uplift event given by knickzone relief. Open circles with error bars = uplift for named rivers;
solid circles with error bars = knickzone estimates for Colorado River. (b) Colorado River. Solid circles
= two knickzones plotted in Figure 8a.
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So as interpreted here, knicks farther upstream are from older events. Is this really valid? (Little diagram is the Colorado River)
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Can fit the whole Colorado River system 
with a uniform uplift history

of 1 km and occurred!80–50Myrs at a rate of!0.03 mm/yr.
It was then uplifted by an additional 1 km from!35–15Myrs
at !0.06 mm/yr.
[19] Inverse modeling indicates that the Colorado,

Columbia, Mississippi and Rio Grande river catchments
contain self-consistent sets of knickzones which can be
interpreted as a co-ordinated response to multiple phases of
regional uplift (Figure 12). The Columbia and Colorado
catchments contain at least two broad knickzones, which
suggest that separate phases of uplift propagated upstream
from a coastline located somewhere to the west (rivers 7–9
and 44–48, respectively). In contrast, the Rio Grande and
Mississippi catchments have smoother river profiles which
nonetheless are disequilibrated at the longest wavelengths
(rivers 59–62 and 72–76, respectively). These profiles are
consistent with phases of uplift which have been inserted
into the upper reach of each catchment rather than at the
coastline. We suggest that a common history of uplift

Figure 10. Inverse modeling of river profiles shown in Figure 6. Each river profile was inverted 50 times
with erosion parameters assigned random values within bounded ranges (2 " 102 ≤ k ≤ 7 " 102,
200 ≤ v ≤ 210, 0.19 ≤ m ≤ 0.21, 1 ≤ n≤ 1.05). (a) Smooth uplift rate history which yields the best-fitting
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gray band = 1 s uncertainty resulting from variation in erosion parameters. (b) Cumulative uplift history.
Solid line = uplift as function of time obtained by integrating uplift rate through time (i.e.

R t
# Udt); gray

band = 1 s uncertainty. (c) Four river profiles from Colorado catchment: LC = Little Colorado, SJ =
San Juan, C = Colorado, G = Green. In each case, gray band = observed river profile and solid line =
best-fitting river profile calculated by inverse modeling (see text and Appendix C). (d–f) Inverse modeling
of 2 river profiles from Rio Grande catchment: RP = Rio Puerco, RG = Rio Grande.
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t Time Myr
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x Distance along river m
z Elevation of river m
A Upstream drainage area m2

U Uplift rate m Myr$ 1

E Erosion rate m Myr$ 1
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of 1 km and occurred!80–50Myrs at a rate of!0.03 mm/yr.
It was then uplifted by an additional 1 km from!35–15Myrs
at !0.06 mm/yr.
[19] Inverse modeling indicates that the Colorado,
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and 44–48, respectively). In contrast, the Rio Grande and
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nonetheless are disequilibrated at the longest wavelengths
(rivers 59–62 and 72–76, respectively). These profiles are
consistent with phases of uplift which have been inserted
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So as interpreted here, knicks farther upstream are from older events. Is this really valid?



Bursztyn et al., EPSL, 2015

But how much is other factors?
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Fig. 2. A) Longitudinal profile of the Green–Colorado River through the Colorado Plateau with bedrock exposed at river level and in canyon walls depicted above grade, and 
river miles relative to Lee’s Ferry. The 49 study reaches are partly labeled along the bottom axis, and major canyon knickzones, separating alluvial valleys, and physiographic
features are labeled, after Pederson and Tressler (2012). Histograms are of reach-average B) unit stream power; C) tensile (above) and compressive strength (below) in MPa, 
with reaches 27 and 28 not included in statistical analysis (clear) and reaches 8, 10, 11, 13, 19, 24 and 25 transparent because they illustrate only the strength of resistant 
beds within mostly shale formations; and D) fracture spacing in meters as ranked in bins for Selby rock-mass strength.

bedrock reaches for much of our analysis because our goal is to 
explore how bedrock may influence the form of the river and its 
canyons. Yet, we presume that alluvial reaches also have overall 
valley-bottom widths (distinct from channel widths) that reflect 
geologic controls, inasmuch as the shifting channel has laterally 
carved that valley into bedrock over geologic time.

Selby RMS classification, including fracture spacing and Schmidt 
hammer measurements, was completed for 52 named geologic for-
mations at 168 outcrop localities (Table 1, see SM Tables 1A–1C 
for full data). Forty-one formations were sampled for laboratory 
tensile-strength testing from 64 of these outcrops. Sampling lo-
cations were selected for accessibility by road or river and to be 
representative of the formations encountered by the river along 
the main-stem corridor. Of the 49 reaches in this study, over half 
include data for more than one bedrock unit, and reach-average 
values were used for most comparisons. Only reaches 18 (Mancos 
shale in Gunnison Valley) and 29 (Paradox Formation evaporites 
in upper Cataract Canyon) have no rock-strength data of any kind. 
Likewise, we take into account that the data for alluvial reaches 8, 
10, 11, 19 and 22 are from the resistant beds within those shaley 
units and are consequently unrepresentative.

Compressive strength values were measured using a Schmidt 
hammer in the field, with 50 measurements taken for each local-
ity. The raw rebound values are utilized in the overall Selby RMS 
classification, but Schmidt hammer measurements were also con-
verted into a compressive strength value in MPa using the formula 
empirically derived for the instrument:

C = 2.12 · R1.06. (3)

Samples for tensile-strength were prepared and measured at Utah 
State University following procedures for the Brazilian splitting test 
as described above. An average of 10 discs for each rock formation 
were load-tested to their yield strength.

3.2. Topographic metrics

Along the Colorado and Green River trunk drainage, at 0.5 km 
nodes, we computed or measured gradient, channel width, val-

ley width, and discharge (SM Table 2). Where digital topography 
is obscured by the Flaming Gorge and Lake Powell reservoirs, ter-
rain was digitized from the contour lines of older maps that dis-
play pre-dam topography (Pederson and Tressler, 2012). To avoid 
the errors and artifacts of DEM-derived channel profiles, eleva-
tions along the drainage were digitized from pre-dam USGS survey 
data and used to calculate gradient (Pederson and Tressler, 2012). 
Channel width was measured at each node directly from the chan-
nel shape as recorded on 1:24,000-scale topographic maps. For 
valley-bottom width, the Barr-NCED Flood Inundation Tool (http://
www.nced.umn.edu/content/stream-restoration-toolbox) was used 
to “flood” the valley to an elevation of 10 m and 50 m above 
present river level. Valley width at each node was measured di-
rectly from the flood polygons produced.

A plot of the reach-averaged channel widths versus the 50-m-
height valley widths highlights the contrast between bedrock and 
alluvial reaches (Fig. 3). Although they share a similar range in 
channel widths, bedrock reaches are less than 1000 m in valley 
width, whereas alluvial reaches range beyond 4000 m. There is a 
positive correlation between channel and valley width in bedrock 
reaches, but no such scaling exists in alluvial reaches where chan-
nel width is instead a function of alluvial hydraulic geometry. With 
our exploration of possible bedrock controls, we focus on com-
paring the valley width of bedrock reaches to varying bedrock 
strength, as lateral planation of the river has carved valley bottoms 
over geologic time.

To estimate an appropriate discharge for calculating stream 
power, we determined the 2.5-yr flood recurrence interval based 
upon pre-dam historic records at each gauging station along the 
rivers. Effective discharge values were plotted against contributing 
area from a flow accumulation raster and a least-squares regres-
sion was used to model effective discharge at any point along the 
length of the drainage. These discharges were used with the mea-
sured channel width and gradient to calculate unit stream power, 
a river’s rate of energy expenditure per unit area of bed (Table 1). 
Although following a similar pattern, our unit stream power values 
differ from those of Pederson and Tressler (2012), who calculated 
it using valley (not channel) width.

Others have argued that much of the change in gradient of the Colorado is from strength of the rock…
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river miles relative to Lee’s Ferry. The 49 study reaches are partly labeled along the bottom axis, and major canyon knickzones, separating alluvial valleys, and physiographic
features are labeled, after Pederson and Tressler (2012). Histograms are of reach-average B) unit stream power; C) tensile (above) and compressive strength (below) in MPa, 
with reaches 27 and 28 not included in statistical analysis (clear) and reaches 8, 10, 11, 13, 19, 24 and 25 transparent because they illustrate only the strength of resistant 
beds within mostly shale formations; and D) fracture spacing in meters as ranked in bins for Selby rock-mass strength.
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valley-bottom widths (distinct from channel widths) that reflect 
geologic controls, inasmuch as the shifting channel has laterally 
carved that valley into bedrock over geologic time.
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representative of the formations encountered by the river along 
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include data for more than one bedrock unit, and reach-average 
values were used for most comparisons. Only reaches 18 (Mancos 
shale in Gunnison Valley) and 29 (Paradox Formation evaporites 
in upper Cataract Canyon) have no rock-strength data of any kind. 
Likewise, we take into account that the data for alluvial reaches 8, 
10, 11, 19 and 22 are from the resistant beds within those shaley 
units and are consequently unrepresentative.

Compressive strength values were measured using a Schmidt 
hammer in the field, with 50 measurements taken for each local-
ity. The raw rebound values are utilized in the overall Selby RMS 
classification, but Schmidt hammer measurements were also con-
verted into a compressive strength value in MPa using the formula 
empirically derived for the instrument:

C = 2.12 · R1.06. (3)

Samples for tensile-strength were prepared and measured at Utah 
State University following procedures for the Brazilian splitting test 
as described above. An average of 10 discs for each rock formation 
were load-tested to their yield strength.

3.2. Topographic metrics

Along the Colorado and Green River trunk drainage, at 0.5 km 
nodes, we computed or measured gradient, channel width, val-

ley width, and discharge (SM Table 2). Where digital topography 
is obscured by the Flaming Gorge and Lake Powell reservoirs, ter-
rain was digitized from the contour lines of older maps that dis-
play pre-dam topography (Pederson and Tressler, 2012). To avoid 
the errors and artifacts of DEM-derived channel profiles, eleva-
tions along the drainage were digitized from pre-dam USGS survey 
data and used to calculate gradient (Pederson and Tressler, 2012). 
Channel width was measured at each node directly from the chan-
nel shape as recorded on 1:24,000-scale topographic maps. For 
valley-bottom width, the Barr-NCED Flood Inundation Tool (http://
www.nced.umn.edu/content/stream-restoration-toolbox) was used 
to “flood” the valley to an elevation of 10 m and 50 m above 
present river level. Valley width at each node was measured di-
rectly from the flood polygons produced.

A plot of the reach-averaged channel widths versus the 50-m-
height valley widths highlights the contrast between bedrock and 
alluvial reaches (Fig. 3). Although they share a similar range in 
channel widths, bedrock reaches are less than 1000 m in valley 
width, whereas alluvial reaches range beyond 4000 m. There is a 
positive correlation between channel and valley width in bedrock 
reaches, but no such scaling exists in alluvial reaches where chan-
nel width is instead a function of alluvial hydraulic geometry. With 
our exploration of possible bedrock controls, we focus on com-
paring the valley width of bedrock reaches to varying bedrock 
strength, as lateral planation of the river has carved valley bottoms 
over geologic time.

To estimate an appropriate discharge for calculating stream 
power, we determined the 2.5-yr flood recurrence interval based 
upon pre-dam historic records at each gauging station along the 
rivers. Effective discharge values were plotted against contributing 
area from a flow accumulation raster and a least-squares regres-
sion was used to model effective discharge at any point along the 
length of the drainage. These discharges were used with the mea-
sured channel width and gradient to calculate unit stream power, 
a river’s rate of energy expenditure per unit area of bed (Table 1). 
Although following a similar pattern, our unit stream power values 
differ from those of Pederson and Tressler (2012), who calculated 
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Fig. 5. A. Unit stream power as a function of reach-averaged tensile strength. 
B. Mean gradient as a function of reach-averaged tensile strength.

correlation than compressive strength to both channel and valley 
width and also unit stream power, supporting the focus on tensile 
rock strength as a more relevant measure of erodibility, consid-
ering the dominant processes of bedrock stream erosion should 
be plucking and abrasion in tension. Tensile rock strength has a 
strong power-law correlation to unit stream power (Fig. 5A) and 
a linear relation to gradient (Fig. 5B), almost crossing the Y -axis 
at the origin. These correlations suggest that bedrock strength is 
the primary control on fluvial and canyon form along this trunk 
drainage.

4.3. Reach-scale exceptions

At a finer, reach-by-reach scale, correspondence between rock 
strength and fluvial metrics becomes rich with exceptions, partly 
due to sampling challenges. For example, reach 13 with low gra-
dient and stream power in the Uinta Basin has an apparent high 
tensile strength (Fig. 2; Table 1). This is an artifact of sampling 
bias, where only the more resistant sandstone beds of the shaley 
Green River Formation are competent enough to be tested. Simi-
larly, hard sandstone beds of the Chinle and Morrison formations 
misrepresent the overall weak bedrock of mudstone-dominated 
reaches 8, 10, 19, and 24, as noted in Fig. 2. In a different situ-
ation, reach 37 in Marble Canyon has incongruously high stream 
power and gradient given its moderate tensile strength. This reach 

Fig. 6. Box-and-whisker plot of medians and quartiles relating outcrop-scale frac-
ture spacing to mean valley width of reaches. Fracture spacing was recorded using 
a modified set of Selby RMS ranking values, which span uneven bins of fracture 
spacing. Data are plotted here at the means of those bins. The “n” values are the 
number of bedrock reaches (31 total), whereas a total of 52 rock formations are 
represented here, sampled from 168 outcrops.

is known for the concentration of rapids formed where the river 
is constricted by tributary debris fans, illustrating how the modern 
river’s gradient in much of Grand Canyon is set by coarse bed ma-
terial delivered from adjacent hillslopes by debris flows (Hanks and 
Webb, 2006). In contrast, lower-than-expected stream power asso-
ciated with highly resistant rocks is observed downstream in the 
Lava–Whitmore and Granite Park reaches of western Grand Canyon 
(reaches 46 and 47). Here the very strong Uinkaret basalt flows 
occur, but so do weaker pyroclastic materials that cannot be mea-
sured, and the valley is notably wider in part due to its alignment 
along the Hurricane and related faults.

Another example of defying expectations is the massively bed-
ded, eolian sandstones common in the central Colorado Plateau, 
such as the Navajo sandstone. These rocks have low tensile 
strength and correspond to wide reaches of low stream power, but 
they also stand out as having low fracture density (Fig. 2). Theo-
retically, low fracture density should contribute to low erodibility 
(especially by plucking) and narrow, steep canyons. However our 
results show a weak trend of wider fracture spacing correspond-
ing with lower stream power and wider valleys (Fig. 6). Indeed, in 
the Colorado Plateau, more densely fractured rock is found in the 
Grand Canyon and Uinta knickzones, and fracture spacing and unit 
stream power have an inverse correspondence, especially evident 
through Glen and Grand Canyons (Fig. 2D).

Fracture spacing in our dataset was measured and recorded in 
the field using the Selby RMS classification into five bins of average 
width for a given outcrop. Yet, our reach-average values of fracture 
spacing fell into only the three central Selby RMS bins: 0.05–0.3 m 
(mean = 0.175, n = 2), 0.3–1.0 m (mean = 0.65, n = 28) and 
1.0–3.0 m (n = 1, value = 1.3). Within the 0.3–1.0 m bin, our 
reach-average data fell into three distinct populations as illustrated 
in Figs. 2D and 6, with fracture-spacing near the minimum end 
(spacing = 0.3 m), values central to the bin (0.65 m), and values 
at the high end (1.0 m). All the sample localities were selected 
to avoid being near fault zones that could impact the characteri-
zation with additional local fractures. Thus, this trend in fracture 
patterns is representative of rock type and not regional structures, 
and in this landscape bedding thickness of sedimentary rocks sets 
much of the fracturing characteristics. We interpret that the ex-

So there is more complexity in this paper, but basically see good correlation with rock strength except in Desolation Canyon.


