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ABSTRACT
This thesis focuses on the effects of volcanism, river incision, epeirogenic uplift,
and faulting on the landscape evolution of the Grand Canyon region. In the first chapter
the migration of increasingly asthenospheric basaltic volcanism is used to constrain
lithospheric modification of the Colorado Plateau margins. Buoyancy modification of the
upper mantle, driven by the upwelling, is a likely driver for recent uplift of the area.
In the second chapter, correlation between oversteepened rivers and areas of highvelocity upper mantle is used to show that recent and ongoing mantle-driven uplift is
modulating the surface along the western margin of the Colorado Plateau. Differential
oversteepening of rivers in the Zion National Park area can’t be explained by climatic or
bedrock-hardness differences and are best explained by localized uplift of the area, which
explains the area’s high relief and dramatic slot canyons.
In the third chapter, new geochronology and geochemistry are used to reconstruct
the timing, sequence, and structure of Grand Canyon’s lava dams. Associated gravel
deposits, internal cooling structures, and a general lack of lacustrine deposits suggests
that the dams were removed in multiple stages and probably did not last for more than a
few hundred to thousand years. Perched gravels under lava dams show steady incision
v

rates indicating that the blockages were ephemeral and did not significantly affect longterm bedrock incision.
In the final chapter, new Grand Canyon incision rates are used to quantify the
spatial and temporal variations in incision. Results show temporally steady incision at
any one location and a spatial pattern of increasing incision towards the east. This spatial
pattern is most consistent with differential uplift of the area. Temporally steady incision
suggests a lack of transient incision most consistent with sustained uplift.
These studies suggest at the landscape of the region is young and actively being
modified by deep forcing. Recent mantle-driven uplift associated with the convective
modification of the lithosphere has steepened rivers and driven incision of deep canyons.
Repeated lava damming of the Colorado River by comparison had a much smaller effect
on the geomorphology or incision history of Grand Canyon.

vi

TABLE OF CONTENTS

ACKNOWLEDGMENTS ................................................................................................. iv
ABSTRACT ........................................................................................................................ v
TABLE OF CONTENTS .................................................................................................. vii
PREFACE ........................................................................................................................... 1
CHAPTER 1 - Shrinking of the Colorado Plateau via lithospheric mantle erosion:
Evidence from Nd and Sr isotopes and geochronology of Neogene basalts ...................... 3
ABSTRACT .................................................................................................................... 3
INTRODUCTION .......................................................................................................... 3
RESULTS ....................................................................................................................... 6
Uinkaret Samples ........................................................................................................ 6
Regional Temporal and Spatial Trends in Basaltic Volcanism .................................. 6
Tomography .............................................................................................................. 11
DISCUSSION ............................................................................................................... 11
Mantle Structure and Evolution ................................................................................ 11
CONCLUSIONS........................................................................................................... 14
CHAPTER 2 - Constraining mantle-driven surface uplift of the Zion Plateau: using
landscape parameters ........................................................................................................ 16
ABSTRACT .................................................................................................................. 16
INTRODUCTION ........................................................................................................ 16
GEOLOGIC BACKGROUND ..................................................................................... 20
RIVER PROFILE ANALYSIS..................................................................................... 22
REGIONAL PATTERNS OF CHANNEL OVER STEEPENING.............................. 23
DIFFERENTIAL INCISION OF THE VIRGIN RIVER ............................................. 23

vii

GEOMETRY OF UPLIFTED REGION ...................................................................... 26
WAVELENGTHS AND MECHANISMS DRIVING UPLIFT .................................. 27
CONCLUSIONS AND IMPLICATIONS .................................................................... 28
CHAPTER 3 - A new model for Quaternary lava dams in Grand Canyon based on
40

Ar/39Ar dating, basalt geochemistry, and field mapping ................................................ 29
ABSTRACT .................................................................................................................. 29
INTRODUCTION ........................................................................................................ 30
BACKGROUND, PREVIOUS WORK, AND CONTINUING DEBATES ................ 32
METHODS ................................................................................................................... 36
40

Ar/39Ar Dating ........................................................................................................ 36

Major- and Trace-Element Geochemistry ................................................................ 41
Field and Geomorphic Analysis................................................................................ 41
RESULTS ..................................................................................................................... 45
Geochemistry ............................................................................................................ 45
40

Ar/39Ar Geochronology .......................................................................................... 48

New intracanyon flow stratigraphy ........................................................................... 50
Discussion of Lava dam processes: flow Structure, outburst flood deposits, and lava
dam lakes ...................................................................................................................... 75
Pyroclastic deposits................................................................................................... 75
Lava Tubes? .............................................................................................................. 76
Lava-Water Interactions............................................................................................ 77
Effectiveness Of Lava Dams At Restricting Flow.................................................... 80
Outburst-Flood Deposits ........................................................................................... 83
A New Model for Dam Longevity and Failure Mechanisms ................................... 87
Effects on Grand Canyon Incision ............................................................................ 90
CONCLUSIONS........................................................................................................... 90
viii

CHAPTER 4 - Differential Incision of Grand Canyon: discriminating headward erosion
and epeirogenic tilting....................................................................................................... 93
ABSTRACT .................................................................................................................. 93
INTRODUCTION ........................................................................................................ 93
METHODS ................................................................................................................... 95
RESULTS ..................................................................................................................... 96
Western Grand Canyon ............................................................................................. 98
Surprise Valley.......................................................................................................... 98
Eastern Grand Canyon Travertines ........................................................................... 99
DISCUSSION ............................................................................................................... 99
Tests of Inferred Uplift Drivers ................................................................................ 99
Knickpoint Transience and New Model for Carving Grand Canyon ..................... 101
CONCLUSIONS......................................................................................................... 102
REFERENCES CITED ................................................................................................... 102
APPENDICES ................................................................................................................ 114
APPENDIX 1: SUPPLEMENTARY MATERIAL FOR CHAPTER 1 ......................... 114
METHODS ................................................................................................................. 114
Geochemical Analyses ............................................................................................ 114
Data Compilation .................................................................................................... 115
DISCUSSION ............................................................................................................. 115
Crustal Contamination ............................................................................................ 115
APPENDIX 1 FIGURES AND TABLES .................................................................. 117
APPENDIX 2: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 ......................... 129
METHODS ................................................................................................................. 129
Geoid-to-Topography Analysis .............................................................................. 129

ix

APPENDIX 2 FIGURES AND TABLES .................................................................. 131
APPENDIX 3 – SUPPLEMENTARY MATERIAL FOR CHAPTER 3 ....................... 135
METHODS ................................................................................................................. 135
40

Ar/39Ar dating....................................................................................................... 135

X-ray Florescene (XRF) and Inductively Coupled Plasma Mass Spectrometry (ICPMS) ......................................................................................................................... 137
GEOMORPHIC SIGNIFICANCE OF THE 159-MILE DIKES................................ 137
APPENDIX 3 FIGURES AND TABLES .................................................................. 146
APPENDIX 4: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 ......................... 204
METHODS ................................................................................................................. 204
ELVES CHASM ......................................................................................................... 204
TANNER .................................................................................................................... 205
PALISADES ............................................................................................................... 205
KWAGUNT ................................................................................................................ 206
APPENDIX 4 FIGURES AND TABLES .................................................................. 207

x

PREFACE
The dissertation submitted herein was prepared as separate multi-authored papers.
The first chapter was published in the January 2011 issue of the Geological Society of
America’a peer-reviewed journal, Geology. Although the subsequent chapters were
unpublished at time of submittal, all should be submitted with minor-changes to highimpact peer-reviewed journals within the year. In all cases the first author, Ryan Crow,
conducted the vast majority of the work on both the paper and research. In accordance
with Earth and Planetary Science guidelines the role of each co-author will be
summarized below.
In chapter one, titled “Shrinking of the Colorado Plateau via lithospheric mantle
erosion: Evidence from Nd and Sr isotopes and geochronology of Neogene basalts”,
Ryan Crow prepared and assisted in running all the Nd samples, compiled all the
published Nd data for the area, prepared the manuscript, and conducted much of the field
work. Karl Karlstrom assisted with field work and participated in numerous and fruitful
informal research discussions about the interpretation of the data. Yemane Asmerom
generously made his laboratory available for the Nd analyses and provided feedback on
the manuscript. Brandon Schmandt provided the tomographic data and helped to interpret
it in the context of the study. Victor Polyak assisted with the mass spectrometry when
running the Nd samples. Andy DuFrane provided U-series data for one key sample from
the Little Springs flow.
In chapter two, titled “Constraining mantle-driven surface uplift of the Zion
Plateau: using landscape parameters”, Ryan Crow conducted all the ksn analysis,
compiled all the incision rate data and prepared the manuscript. Karl Kalrstrom gave
valuable input that helped with the interpretation of the data. David Coblentz conducted
an analysis of the local geoid and topography in the frequency domain. Richard Aster
helped provide a statistical basis for some of the arguments made.
In the third chapter, titled “A new model for Quaternary lava dams in Grand
Canyon based on 40Ar/39Ar dating, basalt geochemistry, and field mapping”, Ryan Crow
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conducted most of the field work and sampling with help from Karl Karlstrom, Laura
Crossey, William McIntosh, Lisa Peters and the larger UNM Grand Canyon research
group. Ryan Crow prepared the manuscript, prepared the 40Ar/39Ar samples, and ran them
with assistance from Lisa Peters, William McIntosh, and Matt Heizler. The paper was
greatly strengthened by numerous and fruitful informal research discussion about the
interpretation of the data with Karl Karlstrom.
In chapter four, titled “Differential Incision of Grand Canyon: discriminating
headward erosion and epeirogenic tilting”, Ryan Crow conducted most of the field work,
prepared and assisted in running all the U-series samples, and prepared the manuscript.
Karl Kalrstrom helped with field works and gave valuable input that helped with the
interpretation of the data. Andy Darling processed one of the cosmogenic burial samples.
Laura Crossey helped with field work. Victor Polyak assisted with the mass spectrometry
when running the samples. Darrel Granger interpreted the cosmogenic burial results.
Yemane Asmerom made his laboratory available for the U-series analyses.
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CHAPTER 1 - Shrinking of the Colorado Plateau via lithospheric mantle erosion:
Evidence from Nd and Sr isotopes and geochronology of Neogene basalts
ABSTRACT
Geochronologic data from the southern margins of the Colorado Plateau (western
United States) show an inboard radial migration of Neogene basaltic magmatism. Nd and
Sr isotopic data show that as basaltic volcanism migrates inboard it also becomes
increasingly more asthenospheric. Strongly asthenospheric alkali basalt (εNd > 4)
appeared on the western plateau margin ca. 5 Ma, on the southeastern margin at 7 Ma,
and is lacking from the plateau’s other margins. Tomographic data suggest that lowvelocity mantle underlies almost all recent (younger than 1 Ma) basaltic volcanism in a
ring around much of the Colorado Plateau at a depth of 80 km. The combined isotopic
and tomographic data indicate that the low-velocity mantle is asthenosphere along the
western and southeastern margins of the plateau, but modified lithosphere around the
remaining margins. Temporal and spatial patterns suggest a process by which upwelling
asthenosphere is progressively infiltrating and replacing lithospheric mantle, especially
where Proterozoic boundaries exist. This model explains (1) the dramatic velocity
contrast seen well inboard of the physiographic edge of the plateau, (2) the inboard sweep
of Neogene magmatism, and (3) isotopic evidence that much (but not all) of the lowvelocity mantle is asthenospheric. These data support models that ongoing uplift of the
edges of the Colorado Plateau is driven by mantle processes.
INTRODUCTION
Recent models have hypothesized that Neogene and ongoing upper-mantle
convection is modulating surface uplift of the Colorado Plateau region of the western
United States (Karlstrom et al., 2008; Moucha et al., 2008, 2009; van Wijk et al., 2010).
This study focuses on testing those models by examining the geochemistry of young
basalts as a record of lithosphere-asthenosphere interactions.
Like the long-recognized Arizona transition zone (Peirce, 1984), the western and
southeastern edges of the Colorado Plateau also mark transitions between areas of
different lithospheric thickness and between zones with markedly different extensional
and magmatic histories. In some parts of the plateau margin (e.g., the western Grand
3

Canyon), extension and magmatism migrated toward the plateau’s center through the
Neogene (Wenrich et al., 1995). Causal links between mantle processes and the spatial
and temporal migration of volcanism and faulting have long been suggested in this area
(Best and Brimhall, 1974). Natural source seismic tomography confirms a profound
mantle velocity gradient (5%8% Vp) inboard of the plateau’s edge (Figure 1; Sine et al.,
2008). Magnetotelluric data show a strong crustal conductor in the Basin and Range and
plateau margin that rapidly transitions to higher resistivity at deeper levels in the
plateau’s center (Wannamaker et al., 2008). These findings indicate the presence of a
deep keel of high-velocity, nonconductive, and probably cooler mantle under the central
Colorado Plateau relative to its margins, to depths of ~125 km.
Although geophysical studies can be used to investigate variations in mantle
velocity and conductivity, other methods are needed to interpret the significance of these
variations in terms of compositional and/or temperature differences in the mantle.
Basaltic lavas are important probes because (1) they erupt from different depth regions in
the mantle (typically alkali basalts originate at deeper levels than their tholeiitic
counterparts; 50–90 km for alkali basalts, 25–50 km for tholeiites; Takahashi and
Kushiro, 1983; Lee et al., 2009); (2) their 143Nd/144Nd ratios can distinguish lithospheric
from asthenospheric mantle source region components (due to the relative compatibility
of Sm compared to Nd); and (3) they can be dated directly using 40Ar/39Ar dating to
constrain mantle evolution through time. This study focuses on combining geochemical
data from basalts and geophysical images of the mantle (Schmandt and Humphreys,
2010) to resolve whether low-velocity mantle regions are depleted mantle asthenosphere
or partially melted enriched lithosphere and to track the lithosphere-asthenosphere
boundary through time.
Previous studies have interpreted temporal changes in Nd isotopes from a single
volcanic field to indicate lithospheric thinning (see stars in Figure 1) (Daley and DePaolo,
1992; Heatherington and Bowring, 1991; Livaccari and Perry, 1993; McMillan et al.,
2000; Perry et al., 1987, 1988). This study focuses on temporal trends throughout the
southwestern United States by presenting new geochemical data from 5 Ma to 1 ka basalt

4

Figure 1. Relative P wave velocity at 80 km depth for southwestern United States. Dark gray areas show
locations of late Tertiary basalts. Asthenospheric Nd isotopic compositions are red, lithospheric are green, and
mixed are orange. Dashed lines are subregions shown in Figure 3. See Appendix 1, Supplementary Table 2 for
references.
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flows from the western Grand Canyon in the context of a regional compilation of Nd and
Sr isotopic data with reliable age constraints.
RESULTS
Uinkaret Samples
We analyzed 11 new samples from western Grand Canyon for Nd and Sr isotopes
(see Appendix 1 for an explanation of the methods used); 10 samples were from the
Uinkaret volcanic field and 1 was from Grassy Mountain on the Shivwitz Plateau (Figure
1). The Uinkaret volcanic field samples range from 600 to 1 ka (dated using 40Ar/39Ar
and 3He cosmogenic dating techniques; Fenton et al., 2001; Karlstrom et al., 2007); the
Shivwitz volcanic field sample is 5.4 Ma (see Appendix 1, Supplementary Table 1).
Uinkaret volcanic field samples have εNd values of +7.71 to 1.46 and 87Sr/86Sr
values of 0.702890–0.706378 (Table DR1), and plot along the Nd-Sr mantle array,
indicating derivation from mixed mantle reservoirs (Figure 2). Uinkaret volcanic field
basalts with similar major element chemistry do not show marked change in εNd and
87

Sr/86Sr values over the past 600 k.y. (Figure 2A). It is important that the 1 ka basanitic

Little Springs flow has the highest εNd of any basalt in the region (+7.7) and is
indistinguishable from mid-oceanic ridge basalt (MORB). In addition, it has 230Th/238U
enrichment, with (230Th/238U) = 1.134 and (230Th/232Th) = 1.256, indicative of a mantle
source in the garnet stability field (i.e., deeper than 70–80 km; Asmerom et al., 2000).
The combined data for this sample show that the modern-day low-velocity mantle at ~80
km beneath the western Colorado Plateau is predominantly MORB composition
asthenosphere, not conductively heated lithosphere (cf. Roy et al., 2009).
Regional Temporal and Spatial Trends in Basaltic Volcanism
A compilation of published Nd isotopic data from reliably dated Neogene basalts
of the Colorado Plateau region yielded analyses on 363 samples from 39 studies
(references in Appendix 1, Supplementary Table 2). Most data come from the margins of
the Colorado Plateau where the majority of late Tertiary basaltic volcanism has occurred
(Figure 1). The data were subdivided into seven subregions: A, western Grand
6

Figure 2. εNd versus 87Sr/86Sr for basalts from Uinkaret volcanic field (open symbols) compared to those from
throughout southwestern United States. Inset graph shows that geochemically distinct basalt groups have
maintained similar isotopic compositions over past 600 k.y. in Uinkaret volcanic field.
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Canyon; B, central Arizona; C, southern Jemez lineament; D, Rio Grande rift; E, RatonClayton volcanic field; F, northwestern Colorado; and G, southern Utah (Figure 1). These
subdivisions allow us to explore any influences of older northeast-trending Proterozoic
compositional domains on late Tertiary basaltic volcanism (Magnani et al., 2005).
In all seven subregions, εNd values of basaltic magmas increase with decreasing
age (Figure 3). εNd values increased at an average rate of 0.33 ε units/m.y. along the
margins of the Colorado Plateau, with an increased rate of 0.53 εunits/m.y. along the
southern margins of the plateau (Figure 3). In the western Grand Canyon, southern Jemez
lineament, and Rio Grande rift, basalts with strongly asthenospheric signatures (i.e., εNd >
4) started erupting at 4.6 Ma, 7.2 Ma, and 9.8 Ma, respectively. Only in the western
Grand Canyon and the Rio Grande rift have basalts with Nd isotopic values
indistinguishable from MORB (i.e., εNd >7) erupted. This temporal trend toward more
asthenospheric basalts is linked to a spatial trend, as magmatism has swept inboard
toward the Colorado Plateau center at a rate of 1–8 km/m.y. (Roy et al., 2009). Figure 4
shows the average rate of encroachment for each subregion measured perpendicular to
the modern Colorado Plateau margin (shown by the thick gray line). The trend toward
increasingly asthenospheric basalts through time is further supported by a decrease in
87

Sr/86Sr ratios with decreasing age (at 0.0001– 0.0002/m.y.; Appendix 1, Supplementary

Figure 1) and by an increase in Nb/La ratios at a rate of 0.04/m.y. (Appendix 1,
Supplementary Figure 2).
Although εNd has increased with decreasing eruption age in the central Arizona,
Raton-Clayton volcanic field, northwestern Colorado, and southern Utah subregions,
strongly asthenospheric basalts (εNd > 4) have yet to erupt there. Mixing trends suggest
that the same process of replacement of lithosphere by asthenosphere is taking place, but
the process has progressed farther along the south and west sides of the Colorado Plateau
relative to the north and east sides.

8

Figure 3. εNd versus eruption age for Neogene basalts from southwestern United States, showing increase in εNd
with decreasing age. Rates are given by linear regression through points, excluding tholeiites (squares), which
come from shallower depth. This relationship is strongest around southern plateau margin (zones A–E). Circles
represent alkali basalts.
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Figure 4. Distance inboard (–) or outboard (+) from modern plateau edge (0) versus eruption age for basalts
from southwestern United States. Velocity at which basaltic volcanism has migrated toward plateau’s center is
shown by fitting a line through locus of leading volcanism (dashed blue line; after Roy et al., 2009). Squares—
tholeiites; circles—alkali basalts; fill colors keyed to εNd values as in Figure 1. Black squares from Western
North American Volcanic and Intrusive Rock Database (http://www.navdat.org) show location and age of
Neogene volcanism in expanded subregions. Stars mark fi rst basaltic eruption with strongly asthenospheric
signature in each subregion. Inset map shows direction of volcanic migration for each subregion. Diagonal fill
pattern shows zone from which asthenospheric basalts were derived (Livaccari and Perry, 1993).
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Tomography
The absence of thick lithosphere beneath the western margin of the Colorado
Plateau is supported by new teleseismic body-wave tomography, which uses relative
traveltime residuals from the USArray (http:// www.usarray.org/) and more than 1700
additional stations to invert for three-dimensional P and S velocity variations (Schmandt
and Humphreys, 2010). The central plateau is underlain by laterally continuous
highvelocity mantle down to ~125 km depth, but the western, and to a lesser extent the
southeastern, margin of the plateau is underlain by low-velocity mantle (Figure 1).
Almost all of the younger-than-1-Ma basalts were derived from the low-velocity ring
around the plateau or in the Rio Grande rift (Figure 1). The westward transition from the
plateau to the eastern Basin and Range defines one of the strongest lateral velocity
gradients in the western United States upper mantle. We interpret this to represent
asthenosphere juxtaposed against a step-like transition to cool, thick lithosphere beneath
the central plateau (Sine et al., 2008).
DISCUSSION
Mantle Structure and Evolution
The U, Th, Sr, and Nd isotopic data from the Colorado Plateau and elsewhere in
the western United States show that there is demarcation between the isotopic value of
asthenospheric mantle–derived magmas and their lithospheric mantle–derived
counterparts (e.g., Asmerom, 1999; Asmerom et al., 2000). Nd isotopic data from basalts
around the Colorado Plateau show remarkably consistent temporal and spatial trends that
cannot be explained by crustal contamination (for a discussion, see Appendix 1). On both
sides of the Colorado Plateau, younger mafic lavas generally erupt closer to the Colorado
Plateau center and have isotopic and geochemical signatures that are increasingly more
asthenospheric. Basalts of a similar age in a given subregion can show a range of εNd
values (Figure 3), as is expected when basalts are extracted from varying depths. For
example, younger than 600 ka tholeiites, alkali basalts, and basanites from the Uinkaret
volcanic field give εNd values that range from 1.5 to 1.3 for tholeiites, 0.4 to 3 for
alkali basalts, and 5.2 to 7.7 for basanites, due to the increasing depth from which these
11

basalt types were extracted (Lee et al., 2009; Takahashi and Kushiro, 1983). Although
conductive heating of the lithosphere alone might be able to explain the temporal
migration of volcanism toward the plateau’s center (Roy et al., 2009), it does not explain
the increase in the εNd values and decrease in 87Sr/86Sr ratios with decreasing age. The
increasing asthenospheric signature in the basalt source region requires a convectively
upwelling depleted mantle source.
Complex replacement of lithosphere by asthenosphere, as manifested by the
basalt geochemical data, is likely due to a combination of processes including (1) deep
mantle convection associated with the foundering Farallon slab and/or the East Pacific
Rise (Moucha et al., 2008, 2009), (2) drip-like lithospheric instabilities and resulting
return flow (e.g., Li et al., 2008; Elkins-Tanton, 2007), (3) progressive infiltration of
asthenospheric melts into the base of the lithosphere, and/or (4) step-induced upper
mantle convection (Figure 5; van Wijk et al., 2010). Observed spatial and temporal
patterns seem best explained by small-scale upper mantle convection due to lateral
variations in temperature structure between the Colorado Plateau and surrounding
extended provinces (van Wijk et al., 2010). In this model, lithospheric thinning in the Rio
Grande rift and Basin and Range would create a step-like transition to the deeply keeled
Colorado Plateau that would focus upper mantle convection, leading to migrating
lithospheric thinning and magma infiltration. The relative dearth of asthenospheric melts
in subregions E and F and the lack of strong spatial trends there can be explained by the
lack of lithospheric thinning and extension in those areas or their greater distance from
the hypothesized locations of large-scale convection cells associated with the East Pacific
Rise and the foundering Farallon slab (Moucha et al., 2008, 2009).
Strongly asthenospheric basalts in the western Grand Canyon and the southern
Jemez lineament suggest that lithospheric thinning is most effective in the area of
Proterozoic compositional boundaries, like the Jemez and St. George lineaments
(Magnani et al., 2005), which may represent preexisting lithospheric weaknesses. These
zones would thus facilitate the preferential transfer of magma to the surface and be more
susceptible to lithospheric replacement. In zones far from these weaknesses, like central
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Figure 5. Stages and interacting processes for lithospheric thinning and modification of Colorado Plateau.
Asthenospheric upwelling is shown to contribute asthenospheric material to lithosphere via magma infiltration
and produce lithospheric thinning. Modern lithosphere-asthenosphere boundary (LAB) is shown, as well as
hypothesized location of LAB at 10 Ma. Basalts migrate toward Colorado Plateau center and have increasing
εNd values due to both lithospheric removal and infiltration of depleted mantle into lithosphere.
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Arizona, modest amounts of lithospheric thinning are inferred from the temporal trends
and the lack of strongly asthenospheric basalts. In those areas, the low-velocity mantle
imaged geophysically is likely lithospheric mantle modified by infiltration of
asthenospheric melts but not yet entrained in asthenospheric flow.
CONCLUSIONS
Neogene convective replacement of lithospheric by asthenospheric mantle around
the Colorado Plateau is supported by combined geochemical data and tomographic data.
The youngest (younger than 1 Ma) basalts erupted above pronounced S and P wave
anomalies at depths of 80 km. Isotopic and elemental tracers indicate that Colorado
Plateau basalts become increasingly asthenospheric with time and erupt closer to the
center of the plateau. Basalts with strongly asthenospheric signatures occurred in the
western Grand Canyon and the southern Jemez lineament starting ca. 5–7 Ma.
Boundaries between Proterozoic compositional domains in those areas likely impart
weaknesses to the lithosphere that facilitate thinning and passage of asthenospheric melts
to the surface. In these same zones, the migration of asthenospheric melts toward the
plateau center has been occurring at a rate of ~4–5 km/m.y. Although southern Utah and
central Arizona show negative S and P wave anomalies at the depth from which alkali
basalts are derived, these areas lack basalts with strong asthenospheric signatures. This
suggests that modification of lithosphere by upwelling depleted asthenosphere is starting
to create mixed source regions, but has not yet replaced the lithosphere in the basalt
source region. The lack of asthenospheric basalts on the northeastern margins of the
Colorado Plateau is best explained by the lack of large-scale late Cenozoic extension and
lithospheric thinning, which promotes upper mantle convection (van Wijk et al., 2010), or
their greater distance from the hypothesized large-scale convection cells of Moucha et al.
(2008, 2009).
Areas of young asthenosphere-derived basalts are also areas of high surface
elevation and coincide with geoid anomalies (Karlstrom et al., 2008). This and numerical
modeling (Moucha et al., 2008, 2009; van Wijk et al., 2010) suggest that upper mantle
flow can produce 600–700 m of epeirogenic uplift of the Colorado Plateau edge. This
magnitude of uplift was originally proposed by geological studies of differential uplift
14

between the western Grand Canyon (50–70 m/m.y.) and eastern Grand Canyon (150–170
m/m.y.) (Karlstrom et al., 2007) over the past 6 m.y. (Karlstrom et al., 2008). The
differential incision data suggest that this mantle-driven differential uplift is expressed at
multiple scales both as epeirogenic block movement and simultaneous ~100 m/m.y. fault
slip on Colorado Plateau−bounding normal faults. The proposed ~600-m-scale Neogene
uplift is a significant fraction of the 2 km of uplift that has occurred since the Late
Cretaceous, but necessitates earlier Laramide and mid-Tertiary uplift events (Flowers et
al., 2008; Liu and Gurnis, 2010). The combined spatial and temporal trends in age and
geochemistry of basalts, elevation patterns, mantle velocity structure, and numerical
modeling are best explained by upper mantle convection of asthenosphere, which is
progressively infiltrating and replacing the lithosphere. Neogene and ongoing dynamic
surface uplift of the Colorado Plateau driven by mantle convection represents an
important geodynamic process in the overall Colorado Plateau uplift history.
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CHAPTER 2 - Constraining mantle-driven surface uplift of the Zion Plateau: using
landscape parameters
ABSTRACT
Tributaries of the Virgin River on the southwestern edge of the Colorado Plateau
have systematic differences in the normalized steepness of their channels that we attribute
to differential mantle-driven uplift of the Colorado Plateau margin. Although the North
and East Forks of the Virgin River have similar bedrock lithologies, climates, and
drainage basin areas that would predict similar channel steepness and incision histories,
the North Fork has steeper normalized channel slope (ksn= 140) and its headwaters are
500 m higher than the East Fork (ksn= 80). These steepness differences correlate spatially
with one of the largest upper mantle velocity gradients in North America, suggesting that
mantle buoyancy differences may explain the disparate channel slopes. In regularized
(smoothed) seismic imaging, upper mantle velocity (e.g at 80 km depth) beneath the East
Fork is ca. 1% higher than mantle velocity below the North Fork and its headwaters in
the Zion/Markagunt Plateau and continues to increase eastward towards an area below
the Escalante, Utah region. A regional analysis of the steepness of streams across the
western and southern margins of the Colorado Plateau generalizes the result for the
Virgin and shows that maximum ksn in stream channels increases systematically with
decreasing mantle velocity over large regions. This is consistent with a model that mantle
buoyancy and flow variations are driving the high elevation, high relief, and dramatic
canyon cutting of the Zion and Colorado Plateau regions. Differential Virgin River
incision across the Hurricane fault suggest 1 km of uplift relative to sea level which may
reflect the brittle failure of the western side of a broad mantle-driven surface flexure with
a wavelength of a few hundred km.
INTRODUCTION
The hypothesis that Neogene and ongoing upper mantle small-scale convection is
driving surface uplift of the Colorado Plateau region has been the focus of a number of
recent studies (Crow et al., 2011; Karlstrom et al., 2008; Karlstrom et al., 2012;
Karlstrom et al., 2007; Levander et al., 2011; Moucha et al., 2009; van Wijk et al., 2010).
This paper seeks to test the mantle-to-surface connections implied by these models by
comparing upper mantle tomographic images with geomorphic and incision data from
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rivers on the western Colorado Plateau margin. These rivers should provide a sensitive
gauge to quantify the surface responses to mantle dynamics and thus evaluate what
proportion of the Colorado Plateau’s 2-3 km of elevation and high relief may be the result
of recent, and potentially ongoing mantle-driven uplift.
We use normalized channel steepness (ksn) combined with other geomorphic
indices, at both local and regional scale to gauge the tectonic influences on the landscape
(e.g. Kirby and Whipple, 2001). The first part of the paper is a comparison of the North
Fork of the Virgin River, which has its headwaters in a region of low-velocity upper
mantle, and the East Fork, which drains an area underlain by ca. 1% higher-velocity
upper mantle. These two tributaries span part of one of the largest mantle velocity
gradients in North America (Schmandt and Humphreys, 2010) and their profiles may
reflect differential mantle-driven uplift. However, other controls on river gradient, such
as drainage basin area (a proxy for discharge), bedrock hardness, and any climatic
differences also need to be considered before slope differences can be attributed to
tectonic forcings. The second part of the paper extends the ksn analysis more regionally. If
differential mantle uplift has subtle surface responses, steepness of rivers may correlate
with mantle-velocity domains over large regions.
The third part of the paper addresses the potential variable surface expressions of
mantle-driven uplift, specifically, how differential block uplift due to faulting may be
related to broad epeirogenic warping of the Earth’s surface. The Virgin River is cut by
Quaternary normal faults that reflect the youngest and easternmost progression of Basin
and Range province faulting; see Figure 6 and Figure 7. Some of these same faults
dampen downstream incision rates in Grand Canyon and hence an important test involves
comparative incision studies in both the Virgin and Colorado River systems to test scales
and magnitudes of differential incision (Karlstrom et al., 2008; Karlstrom et al., 2007;
Pederson et al., 2002a). Karlstrom et al. (2007 and 2008) suggested that the Hurricane
fault zone is an upper crustal manifestation of differential epeirogenic uplift of the
Colorado Plateau margin, based on Quaternary incision rates of 170 m/Ma above the fault
and 55 m/Ma below it. This section of the paper examines whether the Virgin River
shows similar patterns of differential uplift across faults.
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Figure 6. Shaded-relief map of the western edge of the Colorado Plateau with background colors showing the Pwave velocity structure of the area at a depth of 80 km. Note that the North Fork of the Virgin River is located
over significantly lower velocity mantle than the East Fork which is in the middle of one of the largest mantle
velocity gradients in the western United States. Inset map (A) shows the area of the main figure (B) by a dashed
black box and the subareas shown in Figure 8 with dashed gray boxes.
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Figure 7. Longitudinal river profiles for the Virgin River and its tributaries showing variations in A) incision
rates, B) bedrock type, C) mean annual precipitation, and D) P-wave mantle velocity at 80 km depth. The over
steepened North Fork is best explained recent mantle-driven uplift as expressed by lower velocity mantle under
that river (D) and the magnitude of uplift is estimated by amount of differential incision across the Hurricane
fault (A).
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To speculate on driving forces, we discuss the geometry, topographic expression,
and geoid anomalies associated with potential surface uplifts. By comparing them to
mantle velocity domains, mantle velocity gradients, and the temporal and spatial trends in
the occurrence and petrology of basalts we speculate on mantle processes that could be
modulating the surface. Our overall goal is to quantify surface deflections from river
profile analysis, determine whether they better correspond to tectonic or geomorphic
forcings, and speculate on the processes that could be driving any observed differential
uplift.
GEOLOGIC BACKGROUND
Figure 6 shows a tomographic image of the western Colorado plateau region that
reveals one of the largest upper mantle velocity gradients in North America: up to 6 % in
Vp and 12 % in Vs at depths near the lithosphere/asthenosphere boundary (80 km). There
is a very sharp transition between low velocity mantle that rings the western margin of
the Colorado Plateau and a high velocity anomaly that has been referred to as the
Escalante anomaly (Karlstrom et al., 2012; Schmandt and Humphreys, 2010). Because
these velocity estimates come from regularized (smoothed) inversion algorithms, the
actual velocity variations could be even larger. Velocity contrasts of this scale are due to
a combination of temperature variability (perhaps as much as 500-700 ºC; e.g.
Cammarano et al., 2003), the presence of a partial melt phase, and compositional
variations such that low velocity domains are typically warmer, more buoyant, and
rheologically weaker (Schmandt and Humphreys, 2010; Sine et al., 2008). In addition,
zones of marked velocity contrast are generally taken to necessitate upper mantle flow
that could drive several hundred meters of differential surface uplift (van Wijk et al.,
2010) that may be resolvable in the geomorphology and incision history of rivers
(Karlstrom et al., 2012).
Lines of evidence supporting Neogene and ongoing mantle-driven uplift of the
Colorado Plateau include: 1) tomographic images showing sharp mantle velocity
contrasts in the upper mantle that seem to necessitate mantle convection (Schmandt and
Humphreys, 2010; van Wijk et al., 2010), 2) receiver function images of the Moho that
suggest recent lithospheric delamination associated with convecting mantle (Levander et
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al., 2011; van Wijk et al., 2010), 3) geoid anomalies centered at the margins of the
plateau that are well correlated with higher mean elevation (Coblentz et al., 2011;
Karlstrom et al., 2008; Karlstrom et al., 2012), 4) geodynamic models that show the
physical plausibility of upper mantle edge-driven convection under such conditions
(Hardebol et al., 2012; van Wijk et al., 2010) and/or deeper mantle convection (Moucha
et al., 2009), 5) Nd and age data from Neogene basalts that show thinning of the
Proterozoic lithosphere at about 80 km depths, due to upwelling asthenosphere (Crow et
al., 2011), and 6) helium isotope studies of springs and groundwater that reveal pervasive
but spatially complex mantle degassing, preferentially expressed above low velocity
upper mantle (Crossey et al., 2009; Newell et al., 2005).
Surface manifestations of ongoing mantle flow and buoyancy variation are
difficult to quantify. Previous estimates of the magnitude of Neogene uplift vary from
100 to 1000 m (Karlstrom et al., 2008; Karlstrom et al., 2012; Levander et al., 2011;
Moucha et al., 2009; Sahagian et al., 2002; van Wijk et al., 2010); see Appendix 2,
Supplementary Table 3. Differential incision and fault slip studies along the Colorado
River in Grand Canyon have been used to postulate uplift of the Colorado Plateau relative
to sea level at rates of ca. 130 m/Ma over 6 Ma in Grand Canyon (Karlstrom et al., 2007,
Model 1, p. 1309) and ca. 300 m/Ma over at least 1 Ma in the Zion/Markagunt region
(Hamblin et al., 1981). These estimates indicate that 15-50 % of the total elevation of the
Colorado Plateau may have been produced during the Neogene (Karlstrom et al., 2012).
Thermochronology (Flowers et al., 2008; Lee et al., 2012) indicates that combined midTertiary and Laramide uplift components likely account for the rest of the total surface
uplift budget.
Some recent studies suggest that the mid-tertiary and Laramide uplift episodes
may have been dominant (Huntington et al., 2010; Pederson et al., 2002b; Roy et al.,
2009; Wernicke, 2011). However paleo-elevation studies are not presently of high
enough resolution, or well enough agreed upon, to resolve this issue at this time. For
example, estimates of Neogene surface uplift vary from 1 km based on basalt vesicles
(Sahagian et al., 2002) to <100s of meters based on clumped isotope data (Huntington et
al., 2010). The aim of this study is to use the modern landscape to test if, and to what
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extent, recent and ongoing mantle-driven uplift of the Colorado Plateau has contributed
to its current elevation and to better characterize the geometry of any such recent uplift.
RIVER PROFILE ANALYSIS
Figure 7A shows the longitudinal profile of the Virgin River extracted from 30 m
USGS digital elevation models (DEM). To help test for the importance of superimposed
geomorphic and tectonic influences on the river profile, we also extracted profiles along
the North and East Forks of the Virgin River, which drain tectonically different areas.
The bedrock lithology along the two rivers (Figure 7B) was taken from the Utah State
Geologic Map (Hintze et al., 2000) and 1:24,000 scale quadrangle maps (e.g. Biek and
Hylland, 2007; Hayden and Sable, 2008). To relate river profiles to potential mantle
and/or climatic forcings, each reach was also characterized in terms of its underlying
mantle P-wave velocity at 80 km depth (Figure 7B; from natural source seismic
tomography of Schmandt and Humphreys (2010)) and its mean annual precipitation
(Figure 7C; Daly and Taylor, 1991).
The most striking aspect in comparing the profiles is the profound difference in
channel steepness between the North and East Forks of the Virgin River. The North Fork,
which runs through the main section of Zion National Park, has an average channel slope
of 0.0231 (ksn = 140; Appendix 2, Supplementary Table 4), in striking contrast to the East
Fork, which has an average channel slope of 0.0135 (ksn = 80). This difference in channel
steepness cannot be readily explained by differences in discharge (higher discharge rivers
tend to have lower gradients; Gilbert, 1877), as both tributaries have similar drainage
basin areas, 930 and 1,046 km2, respectively, and inferentially similar discharge.
Similarly both tributaries have similar bedrock lithologies, with the minor exception that
East Fork has Paleocene to Oligocene limestone in its most upstream reach (Figure 7).
Climatic or meteorological differences appear unable to explain the slope difference
because North and East Forks drainage basins have similar mean annual precipitation
(Figure 7C; Daly and Taylor, 1991).
Figure 7D shows the Virgin River profiles colored with the underlying P-wave
mantle velocity values at 80 km depth. There is a ca. 1% difference in P-wave velocity
between the headwaters of North and East Forks that is embedded in a ca. 6% difference
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in mantle velocities between the Zion/Markagunt plateau area and the Escalante high
velocity anomaly. We hypothesize that the difference in channel slope between the North
and East Forks is best explained by mantle-driven differential uplift of the low-velocity
and warm Zion/Markagunt area relative to low velocity and cold Escalante anomaly.
REGIONAL PATTERNS OF CHANNEL OVER STEEPENING
To further test the provocative hypothesis that mantle forcings can explain
different channel steepness in rivers, we calculated ksn values for the entire Colorado
Plateau region from 90 m USGS DEM data (Whipple et al., 2007) using a 20 km moving
window and a reference concavity (θref) of -0.45. Figure 8A depicts averaged ksn values
for the southern Colorado Plateau and shows that ksn values are higher along the Colorado
River and along the margins of the plateau as compared to its center. Figure 8C and D
show plots of ksn versus Vp at 80 km for the area between the Zion/Markagunt and the
Escalante anomaly and the area of the Little Colorado River and the Springerville
volcanic field, respectively. These plots were chosen to examine second order tributaries
that extend across the plateau margin from low to high velocity regions. We excluded
streams adjusted to the lower base level of Grand Canyon. Both of the subregions (Figure
8) show that maximum ksn is higher for river channels that are underlain by lower
velocity mantle. We interpret maximum ksn values in a given velocity bin to reflect the
combined effects of both tectonic (i.e. recent uplift) and geomorphic (i.e. higher bedrock
strength and transient kickpoints) controls. A correlation of mean ksn values is not
necessarily expected due to the varied geomorphic character of different stream reaches
and the broad flexural response of the crust to uplift, however the strong correlation
between maximum ksn values and Vp supports the interpretation that a significant driver
for slope differences between rivers at the regional scale is mantle-driven epeirogenic
uplift.
DIFFERENTIAL INCISION OF THE VIRGIN RIVER
To evaluate mantle-driven uplift through time via its potential surface response,
we examine the incision history of the Virgin River (Biek and Hylland, 2007; Hayden
and Sable, 2008; Willis and Biek, 2001), see Figure 7 and Appendix 2, Supplementary
Table 5. This analysis is similar to studies done in the Grand Canyon (Karlstrom et al.,
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Figure 8. A) Map of the southwestern edge of the Colorado Plateau showing averaged normalized steepness
indices (ksn) and the areas over which plots B and C were made. B and C) Graphs of ksn versus P-wave mantle
velocity at 80 km depth showing how maximum ksn values are greater under areas of lower velocity mantle. In
plot B, reaches floored by upper Jurassic strata are shown in red and have a large range of ksn values indicating
that rock type is not the dominant control on channel steepness. Solid and dashed traces on plots indicate 95th
percentile contours for moving point averages using a width of 1% Vp variation.
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2012; Pederson et al., 2002a), where 40Ar/39Ar dating of basalts that cap and preserve
now-perched gravels allow for quantification of incision rate variations through time
along a significant portion of its length. Heights used in incision rate calculations for the
Virgin River were estimated from 1:24,000 scale quadrangle maps without reference to a
specific datum, such as tops or bottoms of basalt flows or bedrock straths below the
gravel deposits (Willis and Biek, 2001). This introduces an uncertainty of perhaps tens of
m such that resulting incision rates are approximate rates (± ca. 10 %) that, nevertheless,
still record a first order differential incision signal.
Incision data for the Virgin River indicate a large change in rates across the
Hurricane fault (Figure 7). As shown in Figure 7A (and Appendix 2,Supplementary Table
5), both long and short term incision rates are about 350 m/Ma above (east of) the
Hurricane fault and 40 – 110 m/Ma below (west of) the fault, indicating that incision is
dampened by faulting (Hamblin, 1984; Hamblin et al., 1981; Willis and Biek, 2001).
Similar to western Grand Canyon (Karlstrom et al., 2007), fault dampening has two
length scales: 1) systematic changes in the hanging wall within kilometers of the
Hurricane and Washington faults (Figure 7A) interpreted to be due to formation hanging
wall anticlines; and 2) more regional changes interpreted to be due to uplift of the
Colorado Plateau (Hamblin, 1965). Incision points defining the later regional differential
incision include data points along the Virgin River (Hayden and Sable, 2008; Willis and
Biek, 2001) and a new incision rate on Deep Creek, a tributary of the North Fork (based
on the mapping of Biek and Hylland (2007)), that are separated by about 100 km. We
interpret the relatively high rates across the block east of Hurricane to indicate epirogenic
uplift of the Colorado Plateau relative to blocks west of the Hurricane fault. Complexities
to this otherwise strong signal of differential incision (quasi-equal, steady, but different
incision rates in each block) include the difference between short-term incision rates of
ca. 150 m/Ma and long-term rates of ca. 65 m/Ma in the immediate footwall of the
Hurricane fault (incision rates 7 and 8 on Figure 7 and Appendix 2, Supplementary Table
5; Willis and Biek, 2001). These differences may be due to an increase in the incision
rates and/or a decrease in fault slip in the last 300 ka. Additionally a low short-term rate
of about 137 m/Ma about 20 km east of the Hurricane (incision rate 11 on Figure 7A and
Appendix 2, Supplementary Table 5) that is unexplained by the model but may indicate
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that the high incision rates immediately east of the Hurricane fault are partially due to
local footwall uplift.
Nevertheless, the differential block incision model is strongly supported by
available data, with differences in long-term incision rate across the Hurricane fault of
350 m/Ma to the east versus 65 m/Ma to the west (Figure 7A) that suggest 285 m/ Ma of
differential incision. The Hurricane fault has been active for ~3.6 Ma, as indicated by the
identical displacement of the 3.6 Ma Bundville flow and the underlying Paleozoic strata
(Billingsley, 2001). Assuming that incision rates have been semi-steady over this time
period (as inferred for Grand Canyon; Karlstrom et al., 2008), this implies 1025 m of
differential uplift of the upper reaches on the Virgin River relative to western blocks.
This is greater than the 700 m of post-6 Ma uplift that has been inferred for uplift of
eastern Grand Canyon blocks relative to western blocks based on profile reconstructions
by Karlstrom et al. (2008; 2007).
In summary, we now envision three interacting manifestations of mantle driven
uplift: 1) broad epeirogenic flexure of an elastic plate, 2) 100-km-scale (lithospheric)
block uplifts and 3) several-km wavelength hanging wall anticlines and footwall flexures
that represent an upper crustal elastic response to faulting. Regionally, we suggest that
differential block uplift (#2) is occurring on the western side of a broad mantle-driven
surface flexure (#1) due to brittle failure of the crust.
GEOMETRY OF UPLIFTED REGION
A minimum wavelength for the mantle-driven uplift of 40 km is given by the
horizontal distance between the headwaters of the North and East Forks. However we
speculate that the actual wavelength may be > 400-600 km, since channel steepness is
correlated to Vp over those distances (length of zones B and C in Figure 8A). An
estimate of the amplitude of the proposed dynamic uplift, given by the difference in
elevation between the uppermost reaches of those rivers still floored by Cretaceous
sandstones, is about 500 m. While this value is the total differential uplift since the
Cretaceous (Pederson et al., 2002a), geologic and geomorphic arguments (see below)
suggest it was developed mainly in the Neogene. No major faults are mapped between
the North and East forks (Hintze et al., 2000), however the East Fork flows subparallel to,
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and about 1-3 km west of, the Toroweap/Sevier normal fault system for the first 40 km of
its length (i.e. uppermost headwaters); see Figure 6. A complexity is that hanging wall
lowering of this part of the profile may be a factor, as well as more regional differential
block uplift, in modulating East Fork channel slopes. The 500 m estimate of the uplift
amplitude indicated by the elevation difference between headwaters could be a maximum
due to Toroweap fault dampening or a minimum given that these upper reaches span less
than half of the mantle velocity gradient. Since the differential incision suggests an uplift
of about 1 km over the last 4 Ma, we suggest that the 500 m of uplift based on
stratigraphic separation is more likely a minimum estimate.
WAVELENGTHS AND MECHANISMS DRIVING UPLIFT
That the Earth’s topographic loads are compensated by mass deficits and excesses
within the Earth’s interior is well-established by the principle of isostasy (see review and
discussion in Martinec, 1994). The small free-air gravity anomaly throughout the
Western U.S. indicates that most of the tectonic provinces, including the Colorado
Plateau, are in a state of isostatic equilibrium. Thus, simple isostatic models can be
employed to constrain the first-order compensation mechanisms of the topography and
help constrain the mechanisms driving uplift. The geoid and its relationship to the
topography (using the geoid-to-elevation ratio (GTR) in the spatial domain and the
admittance in the frequency domain) is commonly used to constrain the mechanism of
compensation (see discussion in Coblentz et al., 2011). An examination of the
lithospheric geoid (for which geoid anomalies from deeper sources in the mantle have
been removed through the use of spherical harmonic filtering of the order-2190
EGM2008 geoid) indicates a GTR for the Colorado Plateau of about 4 m/km (Appendix
2, Supplementary Figure 3), which suggests shallow compensation of the topography
and support by thickened crust (dominantly Airy compensation). In contrast, the
geoid-topography admittance for the Virgin River Uplift is consistent with a significant
component of thermal compensation (as evidenced by admittance values greater than that
predicted by pure-Airy compensation; Appendix 2, Supplementary Figure 3), suggesting
dynamic support from sub‐lithospheric sources such as mantle convection (Crough,
1978).
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CONCLUSIONS AND IMPLICATIONS
The dramatic difference in channel gradient between the North and East Forks of
the Virgin River is not explicable by differences in bedrock lithology, climate or drainage
basin area. Close spatial correspondence between the steeper channel slopes and higher
topography with areas of low velocity mantle at both local (Figure 7) and regional
(Figure 8) scales suggest that upper mantle flow and buoyancy is modulating the surface
along the western edge of the Colorado Plateau. More generally, high ksn values correlate
with low mantle velocity domains across the region suggesting that stream channel
steepness is responding to mantle forcings, similar to the conclusions of Coblentz et al.
(2011).
We infer that broad uplift of the Zion Plateau with a flexural wavelength of a few
hundred kilometers and amplitude of ca. 1 km has occurred over the last 4 Ma.
Differential incision data suggest that, superimposed on this flexure, normal faults such
as the Hurricane fault represent extensional collapse of the southern portions of the Zion
Plateau creating differential uplift across blocks with 10s of km widths. At km-scale,
differential incision across fault is locally exacerbated by footwall rebound and
development of hangingwall anticlines. Zion Plateau rates are higher than in Grand
Canyon, where differential incision studies indicate about 700 m of uplift in the last 6 Ma
(Karlstrom et al., 2008; Karlstrom et al., 2007). This high uplift rate, in the Zion area, is
likely a prime contributor to the high relief and dramatic slot canyons on the
Zion/Markagunt Plateau.
The data presented here is most compatible with progressive edge-localized
lithospheric modification via small-scale convection of small drips and accompanying
asthenospheric melt infiltration which would modify buoyancy and drive uplift.
Migration of basaltic volcanism towards the plateau center coupled with a trend towards
more asthenosphere-derived magmatism (Crow et al., 2011) suggests a moving zone of
thermal lithospheric modification and mantle flow that is driving surface uplift while
modifying elastic thickness and producing volcanism.
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CHAPTER 3 - A new model for Quaternary lava dams in Grand Canyon based on
40
Ar/39Ar dating, basalt geochemistry, and field mapping
ABSTRACT
The geomorphic response to volcanic incursions into major fluvial systems
remains incompletely understood and is spectacularly documented in western Grand
Canyon, where numerous Quaternary lava flows partially filled the canyon from 850 to
100 ka, damming the Colorado River, impounding large lakes, and affecting the river’s
profile. This paper applies 104 40Ar/39Ar ages on a diverse subset of flow remnants,
correlates flow remnants by their major- and rare-earth-element chemistry, maps and
characterizes fluvial and colluvial deposits above, below, and within each remnant, and
uses lidar and field measurements to map the heights of the tops and bottoms of
remnants. Uncertainties remain, but new data suggest a minimum of 17 intracanyon lava
flows with unique age, geochemistry, and landscape positions, requiring major revision to
previously published flow reconstructions and the sequence of intracanyon flows.
The new data suggests that from 850 to 400 ka numerous lava dams formed due
to eruptions within Grand Canyon near the modern day Lava Falls area and due to lava
cascades in the same area. Following an apparent lull in volcanism an additional dam
formed near Lava Falls at ca. 350 ka. Starting around 250 ka, major volcanism shifted to
the Whitmore Wash area forming additional dams. From around 200 to 100 ka cascades
flowed over the North Rim in areas between Lava Falls and Whitmore Wash to form the
youngest set of lava dams.
Dam lengths varied from >5 km to >135 km and heights varied from 45 m to 330
m above paleo river level. Field observations indicate that lava-water interactions were
focused in the upstream parts of most dams based on the occurrence of peperite,
hyaloclastite, and pillows in only the uppermost parts of many dams, indicating that most
of the flows poured down mostly dry river beds. River gravels that overly and are
interbedded gravels within flow indicate that most dams remained at least long enough to
be overtopped by the Colorado River. This is supported by two-tiered cooling structures
found in most intracanyon flows that indicate convective cooling from above, due to the
river establishing itself on top of flows for months to years after emplacement but during
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solidification. Outburst-flood deposits require some dams to have failed catastrophically.
These monomicitic basalt gravels have similarities in age and geochemistry to underlying
flows indicating failure of the upstream unstable parts of dams and deposition on lower
more stable parts. Time scales of dam removal are hard to assess but based on the
absence of any documented upstream delta and lake deposits, we infer that lava dams
were effectively removed by the river in centuries to millennia, the time expected for
large modern reservoirs to silt in. If significant lakes sediments existed, erosion has
removed all known traces. Each flow was dismembered and re-incised by the river, such
that incision points based on dated sub-flow straths indicate the Colorado River incised
western Grand Canyon at semi-steady long term incision rates in spite of lava dams. A
unified lava dam model is proposed that postulates short-lived unstable upstream portions
which failed catastrophically, short-lived clear water lakes, and stable downstream dam
segments that were overtopped and dismantled by the Colorado River within centuries to
millennia.
INTRODUCTION
The geomorphic response to volcanic incursions into major fluvial systems
remains incompletely understood. Landslide dams, glacier-ice dams, and moraine dams
have been the focus of a large number of studies due to the hazards associated with these
relatively common “extrafluvial” events (e.g. Costa and Schuster, 1988). Fewer studies
have focused on the geomorphic effects of lava dams especially in large river systems
(Ely et al., in press; Fenton et al., 2002; Fenton et al., 2004; Fenton et al., 2006; Hamblin,
1994; Howard et al., 1982; Huscroft et al., 2004; Malde, 1982, and references therein).
The controls on the response to these unique channel blockages are poorly understood
due to: 1) relatively few modern analogs like the Laki Fissure eruptions, which sent lava
pouring down two Icelandic rivers (Thordarson and Self, 1993); and 2) poor preservation
in the geologic record due to emplacement in erosional environments. Characterization of
the original state of dams is important as dam structure and size are expected to affect the
processes and time scales of lava dam removal along with valley characteristics, the
hydrology of the effected river system, and the local geology (mostly bedrock lithology).
These factors in turn control the river’s ability to re-establish its previous profile and
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potentially have long-lasting effects on bedrock incision rates, sediment transport and
hillslope morphology.
To better understand these interactions between volcanic and fluvial processes we
focus on western Grand Canyon, where numerous lava flows partially filled the canyon.
Ever since John Wesley Powell’s famous trip down the Colorado River in 1869, western
Grand Canyon has been regarded as one of the best exposed and most iconic lava dam
localities. However despite almost 150 years of study there is still no consensus as to the
longevity of Grand Canyon’s lava dams or the processes by which they failed. The
dominant models suggest slow removal over tens of thousands of years (Hamblin, 1994)
or catastrophic failure within a few years of eruption (Fenton et al., 2002; 2004; 2006).
Much of the uncertainty in the failure mechanism comes from the fact that very little is
known about the source, age, structure, and extent of individual intracanyon flows.
Without this outburst-flood events can’t be linked to specific flows and flow structure
can’t be linked to different failure mechanisms. Much of the confusion is due to the fact
that very little remains of each flow and multiple intracanyon flows have left multiple
generations of erosional remnants that cannot be easily correlated. Although Hamblin
(1994) described over 13 individual named dams, based on field appearance, subsequent
40

Ar/39Ar dating (Karlstrom et al., 2007) and geospatial analysis (Crow et al., 2008) has

shown that many remnants were miscorrelated between key outcrops where inset
relationship were noted, resulting in an incorrect sequence of dams and erroneous dam
reconstructions. Miscorrelations are, perhaps, to be expected as Hamblin did not have the
benefit of reliable geochronology or flow geochemistry. This study provides the most
comprehensive correlation to date of these remnants using 40Ar/39Ar geochronology,
geospatial analysis, and whole-rock geochemistry, with the goal of reconstructing the
source, timing, extent, and structure of each intracanyon flow.
This paper examines the extent to which lava flows formed lava dams, which we
define as volcanic river blockages that impounded river water in a lake above the normal
pool-riffle pre-dam river profile. We describe internal cooling structures, the dearth of
lake deposits, and the presence and nature of gravels within and above flows to evaluate
the extent to which dams formed. Analogous lava dams will also be compared and
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contrasted to Grand Canyon’s lava dams to better understand the spectrum of lava dam
types, their longevities, the processes by which they were removed, and their effect on
local geomorphology. Thus, beyond reconstructing the Grand Canyon’s lava dam history
from the fragmentary evidence, our goal is to provide new insights in how specific sets of
observables can be used, first to correlate remnants, and second to discern lava-river
interaction processes that are of general applicability to other regions.
BACKGROUND, PREVIOUS WORK, AND CONTINUING DEBATES
All of the basalt flows that flowed into the Grand Canyon were sourced from the
Uinkaret volcanic field, which is centered between the Toroweap and Hurricane faults
mostly north of western Grand Canyon, in northeastern Arizona (Figure 9). Lava
cascades, plastered to the canyon walls, record where basalt flows poured into Grand
Canyon, mostly from the north rim. Intrusive features, including dikes, sills, and plugs
are also found deep in Grand Canyon recording the plumbing of volcanoes once centered
within Grand Canyon and in some cases directly within the channel of the Colorado
River (Crow et al., 2008; Hamblin, 1994). Also found in the canyon are reworked and
partially dissected pyroclastic deposits (Hamblin, 1994), consisting primarily of cinders
and hyaloclastite. Regardless of whether an eruption was located on the rim and cascaded
into Grand Canyon or was erupted directly into the canyon, lava flows pooled at the
canyon bottom during each damming event, sometimes flowing upstream a few
kilometers and, in other cases flowing downstream over 135 km. These flows were
partially removed prior to the next intracanyon flow, leaving a patchwork of isolated
remnants, often with complex inset relationships.
Despite extensive work using dated basalts for river incision and fault slip studies
(Karlstrom et al., 2008; Karlstrom et al., 2007; Pederson et al., 2002), and early efforts to
correlate based on lidar (Crow et al., 2008) and flow appearance (Hamblin, 1994), the
locations, duration, and morphology were not well understood. Correlation of flow
remnants using geospatial analysis was presented by Crow et al. (2008). The variable
height of flow bottoms above the modern river reflects differential bedrock incision due
to fault dampening (Crow et al., 2008; Karlstrom et al., 2008; Karlstrom et al., 2007;
Pederson et al., 2002). The heights to the top of flows vary systematically in the
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Figure 9. Geologic map of the study area (after Billingsley and Wellmeyer, 2003) showing the distribution of
Tertiary and Quaternary basaltic volcanism. Quaternary normal faults from USGS and Arizona Geological
Survey (2010).
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downriver direction as flows cool and pinch out. Our earlier analysis, along with
improved geochronologic constraints, were useful in grouping similar-aged intracanyon
flows that have consistent top and bottom elevations, overturning some of the Hamblin
flow correlations based of field observations. However, individual flows and dams could
not be identified, especially during relatively short episodes with multiple eruptions, such
that new correlations based on additional data are still needed to define vent regions and
resulting dam geometries.
Prior studies have proposed conflicting models and the duration of dams. Fenton
et al. (2002, 2004) identified deposits in western Grand Canyon that they interpreted to be
outburst-flood deposits. These are dominantly composed of subangular to rounded basalt
boulders and cobbles (82%-98% of the clasts are basaltic) in a matrix of hyaloclastite
fragments (Fenton et al., 2002; Fenton et al., 2004). Downstream from hypothesized dam
sites these deposits decrease in elevation, thickness, and clast size indicative of
catastrophic floods with waning energy (Fenton et al., 2002; Fenton et al., 2004; Fenton
et al., 2006). Although these deposits have similar rounding and sorting to basaltic
Holocene gravels at downstream locations, outcrops close to hypothesized dam failure
sites exhibit >45 m thick cross beds of imbricated 8 to 35 m diameter limestone blocks
and basalt boulders clearly requiring discharges much greater than normally produced by
the Colorado River during runoff (Fenton et al., 2004). Although Luchitta (2000) and
Crow et al. (2008) (and some of the current authors, KEK) were skeptical that these
deposits were in all cases formed by outburst-flood events, especially at downstream
locations, the >45 cross bedding seen in one location (above Gray Ledge flow across
from Whitmore Canyon) provides strong evidence that at least parts of some dams did
indeed fail catastrophically. Conversely channels cut into the top of remnants, with exotic
Colorado River clasts (Crow et al., 2008), strongly suggest that some dams existed long
enough for a “normal” river, carrying far-traveled clasts (as opposed to entirely local and
volcanic debris), to establish itself on top of some dams. This dichotomy suggests that
some dams may have been long-lived. For example, Hamblin (1994) suggested they
lasted ~20,000 years based on a comparison to Niagara Falls, while others may have
failed catastrophically before overtopping (<10 years; Fenton et al., 2002; 2004; 2006).
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Or alternatively individual dams may have had multi-staged failures, a hypothesis that
will be investigated further below.
A lack of verifiable lake deposits in Grand Canyon is puzzling because dams have
been universally interpreted by every study including that of John Wesley Powell (1875).
As a modern analog, lakes Mead and Powell are clear water lakes on the Colorado River
that are impounded behind dams of ~220 m height, that have backed up water (at
maximum filling) to 190 and 299 km upstream, respectively, and that have major
prograding deltas and lake deposits. Rapid sedimentation is projected to limit the life
expectancy of the dams to 300-700 years (Graf et al., 2010). Hamblin (1994) proposed a
number of possible lacustrine deposits related to proposed reservoir-sized lakes
associated with lava dams, but subsequent work has suggested that most if not all of the
deposits are related to spring-fed travertine systems (e.g. Havasu), subaeriel colluvial
wedges (Red Slide), or normal fluvial terraces (e.g. Lees Ferry) (Kaufman et al., 2002).
At present, there is a lack of evidence for the lacustrine deposits or delta deposits of the
type one would expect if large long-lived reservoir-sized lakes backed up behind Grand
Canyon lava dams. This has been interpreted to support the short-lived dam model
(Fenton et al., 2004; Kaufman et al., 2002), may indicate that dams may have be leaky
(Crow et al., 2008), or perhaps that such deposits have been nearly completely removed
by erosion and may yet be found.
A major motivation for this study is to compare Grand Canyon lava dams to other
lava dam settings in order to improve understanding of the general processes of
interaction between lava dams and major rivers. Pre-historic basaltic lava dams on major
rivers both larger (Yukon (Huscroft et al., 2004) and Fraser (Andrews et al., 2012) in
Canada) and smaller (Snake (Malde, 1982), Owyhee (Ely et al., in press), Boise (Howard
et al., 1982), McKenzie (Taylor, 1965), Deschutes (Licciardi et al., 1999; Stearns, 1931)
and Atenguillo (Righter and Carmichael, 1992)) than the Colorado River in Grand
Canyon, offer important corollaries in terms of structure, longevity, geomorphic effect,
and failure processes. Lacustrine deposits related to lava dams are known on the Snake,
Owyhee and Boise Rivers. Large reservoir-sized lakes are universally interpreted to have
formed behind these lava dams. Strong evidence for lakes behind analogous lava dams
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includes pillow lava deltas on the Frasier, Yukon, Snake, Owyhee and Boise rivers and
far-traveled fluvial gravels on top of dam remnants on Snake, Owyhee, and Boise rivers,
indicating that the related lakes were completely silted in prior to removal. Although
catastrophic failure of the Yukon lava dam has been suggested based on equivocal flood
deposits, other dams like those on the Owyhee are thought to have lasted for up to 45 ka
(Ely et al., 2012). Modern examples of basalt-dammed lakes include: Lake Mývatn, in
Iceland (Ólafsson, 1979) and the Aiyansh dam, in British Columbia (Brown, 1969) along
others. Thus better characterization of the source, age, structure, and extent of Grand
Canyon’s lava dams is an important contribution to the literature on the geomorphic
effect of lava dams, particularly in regards to the longevity of these types of features and
processes by which they are removed.
METHODS
40

Ar/39Ar Dating

Initial efforts to date Grand Canyon’s intracanyon lava flows by the 40K/40Ar
method (Dalrymple and Hamblin, 1998; McKee et al., 1968) yielded inconsistent and
unreliable ages as old as 3.8 Ma. Subsequent 40Ar/39Ar dating (Crow et al., 2010;
Karlstrom et al., 2007; Lucchitta et al., 2000; Pederson et al., 2002; this study) indicates
that all of the dated intracanyon flows are actually less than 1 Ma. Although many of the
erroneously old ages were likely due to excess argon in phenocrystic phases and mantle
xenocryts, Karlstrom et al. (2007) also note the presence of potassic interstitial clays in
some of Grand Canyon’s intracanyon flow which could affect ages as well.
To avoid these issues, ground-mass concentrates were prepared by removing
phenocrysts and xenocrysts by magnetic susceptibility and hand picking. Samples were
then ultrasonically cleaned in acid baths (most samples were treated for 40 minutes in
10% HCl) to remove interstitial clays and increase radiogenic yields. Irradiated samples
were step heated with a Synrad or Photon Machines CO2 laser or a Mo resistance furnace
and analyzed with a Mass Analyzer 215-250 mass spectrometer, at the New Mexico
Geochronology Research Laboratory. Fish Canyon Tuff sanidine was used as a neutron
flux monitor with the assigned age of 28.201 Ma (Kuiper et al., 2008). All previously
published ages were updated to reflect this new monitor age. Similar Grand Canyon
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samples produced very large non-radiogenic signals at low temperatures (Karlstrom et
al., 2007). To keep blank values low, we pumped gas from the 550 °C or 2 W steps out
roughing lines without analyzing it. For most samples blank values were measured after
the initial degas, in the middle of the step heating, and after the final fusion step.
Individual results from a given step were blank corrected using the proceeding blank
values. For a subset of the analyses other blank treatment approaches were investigated.
Regardless of whether proceeding, bracketing, or averaged baseline blanks were used
plateau ages overlapped at two sigma, indicating at blank treatment has little effect on the
ages within error.
The new plateau ages reported here are weighted-mean ages of the greatest
number of heating steps whose apparent ages overlap at 2 sigma and include at least 50%
of the released 39Ar (Appendix 3, Supplementary Figure 5; see Table 1 for exceptions).
Elevated apparent ages in the high- and/or low-temperature steps (Appendix 3,
Supplementary Figure 5) are attributed to inherited 40Ar in interstitial clays or excess 40Ar
in phenocrysts or xenocrysts. Isochrons generally have atmospheric 40Ar/36Ar intercepts
and isochron ages are almost always statistically indistinguishable from plateau ages
(Appendix 3, Supplementary Figure 6). In the few cases where high 40Ar/36Ar indicates
excess argon and isochrons are well defined, isochron ages are favored over plateau ages
(see comments in Table 1). Only high-precision ages with two sigma errors under 100 ka
are considered. Of those samples that did not yield robust ages, most were glassy and
came from the faster-cooled entablature of flows. More detailed methods, including the
effect of varied sample preparation techniques on radiogenic yields, are presented in
appendix 3.
All radiometric and cosmogenic dates are reported with 2 sigma errors and
weighted mean ages were calculated using the inverse-variance weighted mean method
of Taylor (1982). We follow the method of Dalrymple and Hamblin (1998) by adjusting
the uncertainties of ages with greater than expected dispersion by multiplying each
individual error by the square root of the mean square of weighted deviates (MSWD)
before calculating the weighted mean. Recalculation of mean ages reported in Fenton et
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al. (2002; 2004; 2001) and calculation of 2σ errors was necessary for consistency as they
reported non-weighted arithmetic mean ages and 1σ errors.
Major- and Trace-Element Geochemistry
Whole-rock geochemical analyses were conducted at the GeoAnalytical Lab at
Washington State University. Powders, prepared from picked pea-sized chips, were fused
using dilithium tetraborate flux at 1000 °C. Polished beads were analyzed for major and
trace elements on a ThermoARL Advant'XP+ sequential X-ray fluorescence
spectrometer. Dissolved beads were analyzed on an Agilent 4500 inductively couple
plasma mass spectrometer for trace and rare-earth elements (REE). All REE plots were
constructed using the chondritic normalizing factors of Taylor and McClennan (1985).
See appendix 3 or the GeoAnalytical Lab web page for a more detailed description of the
analytical methods.
Field and Geomorphic Analysis
Landscape position of flow remnants is an important correlation tool and we
expand the treatment used by Crow et al (2008) by using both flow tops and flow
bottoms. Heights were determined using lidar data (paired air photos) and cross-checked
with hand-held laser-range finders. The original heights of flows were estimated by
subtracting the height to the top of remnants from the estimated paleo-height of the
Colorado River’s water surface. Paleo-profiles and bedrock incision rates were
determined by dating basalts that capped now perched gravel-capped bedrock straths.
This analysis shows that incision rates vary from 165 to 60 m/Ma throughout the study
area (Figure 10) due to both fault slip and fault-related flexures with wave-lengths of <15
km (Karlstrom et al., 2008; Karlstrom et al., 2007; Pederson et al., 2002). The paired
graphs in Figure 11 show the effect of removing the differential incision and hence show
the best available reconstructions of the original geometry of the intracanyon flows.
Field documentation of volcanic and sedimentologic features was also conducted
to better understand the processes of lava dam construction and failure. Lava pillows and
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Figure 10. Graph showing incision rates variations due to fault offset and fault-related flexures from Karlstrom
et al., 2007. These incision rates were used to estimate PRL during different dam episodes which allows for
reconstruction of the original flow thickness.
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Figure 11. Plots of the height to the top of different dams along their longitudinal length (left-hand side) and
plots of the reconstructed dam thickness based on incision rates of Karlstrom et al. 2007 and Pederson et al.,
2002 (right-hand side). Note that the scale of the graphs changes.
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hyaloclastite occurrences were used to determine the main areas of lava-water interaction.
Cooling structures in flows were also examined, including well-defined colonnade and
entablature sequences, with the aim of determining if flow solidification was aided by
Colorado River water. The location, height, thickness, character, and composition of
gravel occurrences were also documented. Clasts provenance was examined carefully as
monomictic deposits of entirely basalt, as opposed to gravels containing far-traveled
clasts foreign to Grand Canyon, can indicate cessation of through going sediment
transport.
RESULTS
In this section we use the combination of new geochemical analyzes and new ages
to define 17 individual lava flows that are identified as unique based on their age,
geochemistry, and landscape position. Table 2 lists these flows from oldest to youngest
and details their maximum height, length, age, and the location of all known remnants.
The name of the flow is used for descriptive aspects (e.g. Black Ledge flow) and the
same name is also used for interpretive discussions of the inferred dam (e.g. Black Ledge
Dam). Terminology used here is retained from Hamblin (1994) where possible and
refined where necessary based on the new data (see column 2 of Table 2).
Geochemistry
Figure 12 A shows the total-alkali-silica classification for 65 samples from 59
flow remnants that were newly analyzed for major- and trace-element composition via
XRF (Appendix 3, Supplementary Table 6). These basalts range in composition from
tholeiites to alkali basalts and basanites. Distinct compositions are interpreted to reflect
separate eruptions from distinct magma chambers (separate partial melts of the mantle),
while small variations within the same flow are interpreted to reflect alteration,
unidentified contaminates, or fractional crystallization. Although duplicate analyzes and
samples generally produce similar results with standard deviations < 0.33 wt. % for major
elements (Appendix 3, Supplementary Table 8 and Supplementary Table 9), duplicate
samples from one remnant (Toroweap A) produced standard deviations as high as 2.7 wt.
%, due to a visible amygdules of an unknown white mineral. Although care was taken to
sample the freshest part of a flow remnant, similar contaminates, including carbonates,
45

Table 2.flows
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Figure 12. Geochemical plots of all analyzed remnants. A) Total-alkali silica plot showing a wide range in majorelement compositions for Grand Canyon intracanyon flows. B) Gd/Lu versus La/Sm plot showing the range in
REE composition for Grand Canyon’s intracanyon flows. Analyses from the same flow are circled and labeled.
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zeolites, mantle xenoliths, and weathered basalt were noted in some samples. However in
the remaining samples visible contaminants could be completely removed during the
sample preparation such that this is considered a minor source of error for the remaining
samples.
Figure 12 B shows the REE composition of 47 samples from 46 remnants
(Appendix 3, Supplementary Table 7). Duplicate analyses and samples yielded consistent
results with a maximum standard deviation of less than 0.5 ppm for REE (Appendix 3,
Supplementary Table 10 and Supplementary Table 11). However the same remnant
(Toroweap A) analyzed in this study and by Fenton et al. (2004) shows large differences
(maximum standard deviation of 20 ppm (Appendix 3, Supplementary Table 11 and
Supplementary Figure 4 B)). We suggest that this may be due to the lower precision of
the Fenton et al. (2004) analyses, as duplicate analyses on the same samples from that
study have standard deviations as high as 5 ppm (% difference of ~ 50%) (Appendix 3,
Supplementary Table 12 and Supplementary Figure 4). Although these issues make
comparisons to the earlier Fenton et al. (2002, 2004) analyses difficult, we are confident
that the new analytical results presented here are reproducible.
40

Ar/39Ar Geochronology

This paper builds on four studies (Fenton et al., 2004; Karlstrom et al., 2007;
Lucchitta et al., 2000; Raucci, 2004) that have reported high-precision step-heated
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Ar/39Ar dates on intracanyon basalt flows in western Grand Canyon. Table 1, Figure 13

and Appendix 3, Supplementary Table 14 present the aggregate 104 dates which range
from ca. 850 to 80 ka. Of these, 56% are newly reported here, including 41 new ages on
previously undated flow remnants.
To investigate the analytical precision and accuracy of the new ages we
preformed duplicate analysis on the same sample, dated separate samples from the same
remnant, and interpreted all ages in their stratigraphic context. Duplicate analysis
reported here and by Karlstrom et al. (2007) have been obtained on 15 different samples.
Duplicate dates on 10 of the 15 samples overlay at 2 sigma (see comments section of
Table 1 for outliers). 34 of 40 (85%) duplicate analyses overlap at 2 sigma slightly less
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Figure 13. Cumulative probability plot of the all the reliable 40Ar/39Ar ages on intracanyon flows. The colored
fields show the main episodes of volcanism resulting in intracanyon flows.
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than expected for the 95% confidence interval. In addition to duplicate analyses on the
same sample we have also dated multiple samples from the same remnant 3 times.
Although most agree well, the 728 ± 31 ka (Karlstrom et al., 2007) age on a Black Ledge
remnant near river mile (RM)1 246 appears to be erroneously old. Redating of a new
sample from the same remnant yielded a weighted mean age of 574 ± 15 ka n=6, about
150 ka younger than initially thought. The new younger age is consistent with 5 separate
dates on remnants that have been correlated on the basis of geochemistry (see section on
Lower Black Ledge below). It is unclear if the older 728 ka result is a statistical outlier,
the result of an unknown analytical issue, or due to an unknown geologic contaminant.
Dating of samples taken in stratigraphic order at 8 localities allow for further
assessment of the reliability of new 40Ar/39Ar ages. Although most of these ages are
consistent with their stratigraphy, at Toroweap (RM 179) and Upper Prospect (RM 179.6)
ages in the middle of flow stacks are significantly younger and older, respectively, than
flows directly above and below them. Because of this we suggest that those ages are
statistical outliers that do not accurately reflect the true age of the flow.
In summary new 40Ar/39Ar results are significantly more precise and accurate than
older 40Kr/40Ar ages (e.g. Dalrymple and Hamblin, 1998), which were not reproducible
and significantly older, likely due to undetected excess 40Ar. Although a few of the newly
reported dates are inconsistent, at 2 sigma, with previous results, this is not unexpected
given the large data set of over 100 ages. The new 40Ar/39Ar results are the best age
constraints available and we rely on them heavily along with flow geochemistry to
correlate remnants and establish an improved flow stratigraphy.
New intracanyon flow stratigraphy
New 40Ar/39Ar ages and whole-rock geochemistry presented here suggest the need
for major refinements to the remnants correlations and flow stratigraphy of Hamblin
(1994). In the first part of this section we will sequentially go through the 4 major
episodes of intracanyon volcanism (Figure 13 shows temporal groupings) proposed by
Crow et al. (2010) and present our best understanding about the timing, structure, and
1

River miles are measured downstream from Lees Ferry (Stevens, 1983)
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geometry of individual intracanyon flows or flow stacks. Subsequent sections will discuss
the structure of intracanyon flows, examine which flows produced dams, suggest which
dams failed to produce specific outburst-flood events, summarize the geomorphic effect
of the damming events on the Colorado River and Grand Canyon, and offer constraints
on the processes and timeframes over which dams failed. Table 2 summarizes the
individual named flows, the remnant correlations, and the new sequence of intracanyon
flows we are proposing based on integrated datasets.
Episode 1: 850-400 ka: voluminous flow emanating from the Lava Falls area
During the first known episode of intracanyon volcanism voluminous flows
entered Grand Canyon in the Lava Falls area (Figure 9) both as cascades and intracanyon
eruptions. Although newly identified remnants have been dated at up to 850 ka, most
flows from this time period are 600 to 500 ka (Figure 13). These flows produced the
farthest traveled, most voluminous, highest, and longest dams.
Black Ledge flows
We use the name Black Ledge to refer to two ca. 515 and 580 ka basanitic flows
that were sourced in the Lava Falls area and traveled over 135 km downstream. The
Black Ledge flows were the longest and likely among the longest-lived lava dams in
Grand Canyon.
Hamblin (1994) mapped “Black Ledge” remnants, thought be the remains of a
single flow, from RM 179-254 (Figure 9). Based on inset relationship he proposed that
the Black Ledge flow was one of youngest flows in the canyon. Subsequent 40Ar/39Ar
dating shows that the Black Ledge flow is actually one of the oldest (Crow et al., 2008;
Karlstrom et al., 2007; Lucchitta et al., 2000). To date, 19 separate remnants identified as
Black Ledge by Hamblin have been dated between ca. 600 and 100 ka. The large range in
ages strongly suggests that multiple flows have been erroneously grouped together
(Karlstrom et al., 2007; Lucchitta et al., 2000). New geochemical data supports this as
groups of remnants cluster on total alkalis-silica (TAS) plots (Figure 12 A) and three
distinct groups of REE patterns are seen (Figure 14 A). We split those Black Ledge
remnants with basanitic compositions into Lower and Upper Black Ledge flows.
Weighted mean ages of the chemical distinct Lower and Upper Black Ledge remnants
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Figure 14. REE plots used to correlate remnants.
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yield an age of 581 ± 20 ka n=7 and 515 ± 26 ka n=4, respectively. At Granite Park (RM
208-209) Lucchitta et al. (2000) found stratigraphically separated Black Ledge flows
which are geochronologically distinct; new geochemical data on these stacked flows
indicate they are related to Upper and Lower Black Ledge.
Remnants of the Lower Black Ledge flow are currently known in the canyon
between RM 194 and 253 based on geochemistry but are likely present from RM 183 to
264 based on differences in the height to the top of Black Ledge remnants and early preLake Mead accounts (Maxson, 1950; Figure 11 A). Although the exact source of the
Lower Black Ledge flow is unknown, it was likely sourced in the Lava Falls area, where
the vast majority of the remnants of this age have been found. Its upstream extent is
shown on Figure 11 A to be at or above RM 182. Lower Black Ledge has similar REE
composition to Toroweap B (Figure 14 A). Although a new 40Ar/39Ar date on Toroweap
B indicate that it is 594 ± 17 ka, which overlaps at 2 sigma with that of Lower Black
Ledge, we believe the age is inaccurate as it does not agree with ages that are
stratigraphically above and below it (see below). The exact eruptive source is unknown,
but the Lower Black Ledge flow was the farthest traveled in Grand Canyon flowing over
135 km (Figure 11 A). Based on modern heights to the top of Lower Black Ledge and
estimates of the paleo-river level (PRL) at that time, the Lower Black Ledge Dam
decreased in thickness from about 45 m around RM 182 to about 20 m by RM 260
(Figure 11 B) and could have traveled past the end of Grand Canyon at RM 277.
The geochemically defined Upper Black Ledge remnants are only found between
RM 189 and 208, but geospatial analysis suggests they are present to 233 (Figure 11 C).
The REE patterns for the Upper Black Ledge flow are very similar to that of Vulcans
Anvil (Figure 14 A), a cylindirical basaltic mass that protrudes about 15 m above modern
river level (MRL) at RM 178 (Figure 15). Although Maxson (1950) thought that it was
the remnants of a lava dams and others have suggested that it is a block of basalt that fell
into the river, we agree with Hamblin (1994) that Vulcans Anvil is a volcanic plug. This
interpretation is supported by it shape and the fact that it is aligned with dikes in the
canyon walls. A new 40Ar/39Ar age of 510 ± 40 ka on Vulcan’s Anvil supports its
correlation to the 515 ± 34 ka n=3 ka Upper Black Ledge flow because the ages overlap
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Figure 15. Photo showing Vulcans Anvil, the 177-mile remnant and the High Remnant. 22 ft. snout rig for scale.
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at two sigma. This could explain the long length of the Upper Black Ledge flow, which
flowed at least 76 km, because basalt flows from a volcano centered in the canyon
couldn’t diffuse over the plateau and their entire volume would be funneled down the
canyon likely resulting in a voluminous and long flow (Hamblin, 1994). If the Vulcans
Anvil volcano was also the source of the older Lower Black Ledge flow this would also
explain its long length. Based on reconstructions of the original thickness we suggest that
the Upper Black flow was about 70 m thick at Vulcan’s Anvil and tapered to about 20 m
thick by about RM 230 (Figure 11 D) and could have traveled past RM 250.
Hamblin’s Black Ledge remnant at RM 179.5R (Figure 16), which was used in
his stratigraphy to infer a young relative age of the Black Ledge flow, is an alkali basalt
dissimilar from the basanitic Upper and Lower Black Ledge flows. It has a distinct REE
pattern (Figure 14 A) and because of this we suggest that it is a separate flow that is
likely part of the Toroweap A flow (see below). Hamblin also included a remnant at RM
184.6L as part of the Black Ledge flow but 40Ar/39Ar dating indicates it is substantially
younger (part of ca. 100 ka Upper Gray Ledge flow).
Prospect flows
The ca. 520 ka Upper Prospect flows and related south rim cinder cone are among
the few that erupted from vents on the south rim (as opposed to the north rim) before
cascading into Grand Canyon around the Lava Falls area (Figure 9). The likely source
vent for the Upper Prospect flows is a half-dissected cinder cone perched on the southern
flank of the canyon at Prospect Canyon. Portions of the dike feeder systems are well
preserved there (Figure 17). We suggest that the resulting dams were smaller than
previously thought. The lower Prospect flows are less understood but formed between
about 550 and 600 ka.
Four 40Ar/39Ar dates on the Upper Prospect give a weighted mean age of 535 ± 14
ka n=4 (Pederson et al., 2002). The Prospect Dikes, which outcrop west of the mouth of
Prospect Canyon (Figure 17) have been dated at 524 ± 60 ka n=2. Although chemical
data for the dated dike samples is not available, we suggest, based on their proximity and
similarity in ages, that the Prospect Dikes are the source of the Upper Prospect flows
(Crow et al., 2008). Cinder cone fragments below and above the Upper Prospect flow
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Figure 16. Photograph of the north rim of Grand Canyon above Lava Falls rapid showing 40Ar/39Ar (bold) and
3
He ages on basalt remnants. The lettered flows near the canyon bottom are part of the Toroweap flow sequence.
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Figure 17. Photograph of Prospect Canyon showing the extent of the Prospect flows and associated dikes. Cinder
cone fragments under the Upper Prospect flow indicate it was likely sourced from the south rim when a large
edifice was built on the southern flank of Grand Canyon (photo by Aerial Filmworks).
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(Figure 17) are likely the remains of the volcano that erupted to produce the Upper
Prospect flow. This volcano would have been centered on the southern flank of the
canyon, suggesting that the Upper Prospect flows were sourced from the south side of the
canyon. About 2.5 km upstream from Prospect Canyon, on the south rim (RM 178L), a
flow remnant at the base of a cinder cone has been dated at 490 ± 20 ka; we name it the
178-mile cascade. Discontinuous remnants in a small unnamed tributary down slope from
the dated remnant suggest that this flow likely reached the canyon bottom. The newly
dated 178-mile cascade remnant is similar in age to the Upper Prospect flows and the
Prospect dikes suggesting that multiple vents on the south side of the canyon may have
been active at Upper Prospect time. No other remnants of the Upper Prospect flows are
known.
Hamblin (1994) suggested that Prospect flows resulted in the highest lava dam in
Grand Canyon, almost completely filling the canyon to a height of 700 m above MRL,
based on the projection of the Upper Prospect flows across the canyon. Although such a
large volume of lava erupted on the flank of the canyon could have resulted in fartraveled intracanyon flows, none are identified by us, and a lack of correlative remnants
on the north side of the canyon suggest that the Upper Prospect flows need not have been
part of a single high dam that blocked the Colorado River.
Two remnants of the Lower Prospect flow(s) sampled across the Toroweap fault
yielded ages of 541 ± 22 ka and 602 ± 37 ka. The disparity in the ages and differences in
their major-element (Figure 12 A) and REE signatures (Figure 14 D) suggest that they are
not part of the same flow. Although the flow in the footwall of the Toroweap fault is
geochemically similar to Toroweap A, the ages don’t support that correlation. Karlstrom
et al. (2007) suggested that a remnant originally mapped as D-dam may be related to
Lower Prospect based on age (no chemistry is available). If so a weighted mean of the
three available dates from separate remnants suggest that the Lower Prospect flows are
572 ± 52 ka n=3.
Toroweap flows
The stacked Toroweap flows in the cliff face on the north side of Lava Falls rapid
form a complex set of 5 flows with interbedded gravel, colluvium, and hyaloclastite
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(Figure 16). These stacked ca. 490 ka remnants are one of the best examples of the
upstream end of a lava dam with features indicative of water-lava interactions.
As shown in Figure 16, 5 major flow units are present in the main Toroweap
remnant (Hamblin, 1994); they rest on mainstem river gravel and are cut by the
Toroweap fault. The basal flow in the sequence, Toroweap A, is dated at 490 ± 20 ka.
The Toroweap B flow has been dated at 594 ± 17 ka. Toroweap C, which may contain as
many as 5 separate flows (Hamblin, 1994), has been dated at 490 ± 48 ka (Karlstrom et
al., 2007). These ages are inconsistent with the flow stratigraphy, because the Toroweap
flows are superimposed on top of each other, indicating that 1) all the flows were
emplaced about 490 ka and that the Toroweap B date is inaccurate or that 2) the
Toroweap A age is erroneously young. The Toroweap flows are displaced about 50 m by
the Toroweap fault which is thought to have had a steady slip rate of ca. 100 m/Ma over
the last 600 ka (Fenton et al., 2001; Karlstrom et al., 2007). This would suggest that
lower Toroweap flows, which have similar offsets, should all be about 500 ka. Because
of this we suggest that the Toroweap B date of 594 ± 17 ka is inaccurate and likely
similar in age to the underlying and overlying flows which have been dated at about 490
ka.
Based on 3-5 m of well-rounded gravel between Toroweap B and C flows,
Hamblin (1994) suggested the dam was overtopped at least once while the multi-flow
dam was being emplaced. The upper flows in the Toroweap flow stack, shown in Figure
16, have not been dated or sampled for geochemistry and thus can’t be definitively
correlated to other intracanyon flow remnants. Toroweap C, E and F are a series of basalt
flows that transition from a massive flow in the downstream direction to interbedded
basalts and hyaloclastites, which dip about 10° in the upstream direction. These dipping
layers of hyaloclastite likely represent the upstream flow of basalts into standing water
impounded behind the Toroweap dam.
We suggest that Hamblin’s “Black Ledge” remnant at RM 179.5L, which he
suggested was inset into the Toroweap flow stack and a buried channel fill (Figure 16), is
actually a differentially eroded extension of the Toroweap A flow. This is supported by
their ages of 490 ± 20 ka and 458 ± 12 ka, which just barely overlap at 2 sigma and
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geochemical similarities (Figure 14 D). Examination of the supposed contact indicates
that it is a cooling feature, because columns radiate away from it in both units indicating
that this “contact” was a fracture in the basalt that became a cooling front (see below for
more on these types of cooling structures). The available geochronology indicates that the
overlying Toroweap flows were emplaced quickly but that the Colorado River was able
to intermittently overtop the dam during construction. The highest remnant in the
Toroweap F flow is about 370 m above PRL.
High Remnant flows
The High Remnant is the remains of a ca. 610 ka set of flows that traveled
upstream at a height of 400 m above MRL (330 m above PRL). As such it provides clear
evidence for a major volcanic edifice at that height or higher.
The remnant is located at RM 176.9L (Figure 15), 2 km upstream from the large
500-600 ka remnants in the Lava Falls area and 1 km upstream from the most upstream
basalt cascade. The remnant is composed of 5 flows that rest on tephra and colluvium
(Appendix 3, Supplementary Figure 7). Two of the three massive flows have 40Ar/39Ar
dates of 605 ± 35 ka and 647 ± 54 ka. Although the dated flows are distinct, the
statistically indistinguishable ages suggest that the whole sequence was emplaced quickly
at about 620 ka, making it one of Grand Canyon’s oldest intracanyon flows. Although
Lower Black Ledge, Lower Prospect and Buried Canyon A are similar in age to the High
Remnant, the High Remnant has a markedly different REE signature (Figure 14 E)
indicating that it is part of separate series of lava flows that created a volcanic edifice that
was at least 330 m high.
Buried Canyon flows
The only complete cross section of a lava dam in Grand Canyon is the stacked
570 to 520 ka Buried Canyon flows, that filled a Colorado River paleochannel, with both
bedrock walls still preserved. The river was then diverted into a new channel a few
hundred meters to the south. These flows have distinctive ages and geochemistry and
hence are interpreted to be unique intracanyon flows.
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Our mapping suggests that there are 7 eruptive units (Figure 18) whereas,
Hamblin (1994) mapped 9 flow units at the Buried Canyon site (his units A-I). We could
not find evidence for flow C and suggest that units D and E may be different cooling
zones within the same flow. Hamblin’s units A, D, and G have been newly dated at 570 ±
16 ka, 530 ± 40 ka, and 520 ± 30 ka, respectively. All these ages overlap at two sigma,
with the exception of the last two which are just outside of error. The relatively large
error associated with these dates however does not preclude the possibility that thousands
or even tens of thousands of years passed between each subsequent flow event. The
statistically younger age for the D flow suggest at least 4 thousand years passed between
flows D and G, however this should be verified with higher-precision ages.
Interbedded gravels sit on top of Buried Canyon A, B, and F. The gravel atop A
has far-traveled Colorado River clasts indicating that that flow was overtopped and that
sediment was being transported over it before flow B was emplaced. The gravels atop
flow B are entirely basalt pebbles (up to decimeter scale) with a matrix of cm-scale clasts
of hyaloclastite. The gravels are overlain by a thin flow that has pillows and then locally
sourced colluvium. The volcanic gravel composition plus the well-rounded cobbles
indicate that the river was impounded upstream to prevent passage of far-travelled
detritus. The presence of colluvium suggests a significant amount of time between flow
events. This along with the discontinuous nature of units B and F, suggests that individual
flows were overtopped and partially eroded in some cases prior to the next flow event
and that the Buried Canyon dam may have been relatively long-lived (centuries to
millennia based on the colluvial wedges). By the time of G-flow (ca. 520 ka), the river
may have begun to incise a new channel to the south; alternatively, a long-lived lake may
have existed upstream. By at least 460 ± 60 ka, the river had established its new channel
south of the basalt-filled Buried Canyon channel and incised back to bedrock (see below).
Although the Buried Canyon and Toroweap flows have similarities including:
gravels on top of the second flows and evidence for significant incision after the second
flow and prior to the third, the geochronology indicate that they are not related. Buried
Canyon A has been dated at 570 ± 16 ka n=2 which is significantly older than the age for
the Toroweap A flow, 490 ± 20 ka. Buried Canyon has some geochemical affinities with
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Figure 18. Annotated photo of the Buried Canyon flow sequence showing the locations of new geochronologic
constraints. Heights above MRL, determined by laser range finder, are also shown for key contacts.
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Lower Black Ledge, which is similar in age, however slight differences in the REE
profiles (Figure 14 F) make this possible correlation uncertain; additional testing is
needed.
The top of the highest Buried Canyon flow (I) is about 260 m above MRL and
about 200 m above the base of the paleo-canyon (and the estimated PRL). Hamblin
(1994) reports that the upper flows are overlain by a 60 m thick deposit of well-rounded
gravel with clasts up to 1 m in diameter. We have verified this; the gravel is entirely
basaltic and likely represents the overtopping of the Buried Canyon dam.
Isolated remnants from separate intracanyon flows
New geochemical data and 40Ar/39Ar dating have identified 5 separate remnants
that are significantly different from other intracanyon flows, suggesting that they are
remnants of separate flows we call the Ponderosa, Whitmore Rapid, 183.4-mile, 188.8mile, and the Old Whitmore flows. The height of these remnants offer the only
(minimum) constraint of the height of the original intracanyon flow; we know nothing
about the length of these intracanyon flows (Table 2).
The Ponderosa remnant at RM 181.6 R, named by Hamblin (1994), has been
dated at 420 ± 20 ka. Although it has geochemical similarities to Lower and Upper
Prospect and Toroweap A (Figure 14 C and D), differences in age lead us to believe that
it is an unrelated dam remnant.
The 590 ± 50 ka Whitmore Rapid remnant, at RM 188.1R, named after the rapid
near its base, was originally mapped as Massive Diabase by Hamblin (1994). Since other
Massive Diabase remnants have been dated at ca. 350 ka in age and correlated to the 177mile flow (see below), this remnant, which is geochemically distinct from all similarly
aged remnants (Figure 14 A and B), is interpreted as a remnant of a separate intracanyon
flow.
Inset into the Buried Canyon outcrop, at RM 183.4R, is a remnant originally
mapped as Lava Falls. Its base is below MRL implying that Grand Canyon had been cut
to approximately the same depth at the time the flow was emplaced. It has been dated at
460 ± 60 ka. Since this remnant is significantly older and geochemically distinct from the
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main Lava Falls remnant (Figure 14 G; see below; note that we relate the main Lava Falls
remnant to Lower Gray Ledge; see below); we refer to it as the 183.4-mile remnant.
A little over a km downstream from Whitmore Wash (Figure 9), at RM 188.85L,
a sample from an outcrop of pepperite surrounded by mainstem river gravel has been
dated at 845 ± 30 ka n=2. The dated sample underlies two stacked Black Ledge flows.
The upper of which belongs to Upper Black Ledge and has been dated at 550 ± 30 ka.
The new age of ca. 850 ka on the basalt block is the oldest age on intracanyon basalts in
Grand Canyon. The outcrop is about 50 m above MRL.
Although the vast majority of eruptions producing the 850-400 ka intracanyon
flows seem to have occurred in the Lava Falls area, basalts of this age have also been
found in the Whitmore Wash area (Figure 9). Raucci (2004) obtained a single 40Ar/39Ar
date of 540 ± 30 ka on a basalt flow 4 km up Whitmore Canyon (Older Whitmore Sink of
Fenton et al. 2004). 40Ar/39Ar dating of the base of the Whitmore flow stack at the
confluence with the Grand Canyon (Figure 19 A) indicates that correlative flows never
reached Grand Canyon or that they were subsequently removed before emplacement of
the younger flows.
159-mile dikes
At RM 159.2 (Figure 9), 28 km upstream from the closest intracanyon basalt
remnant, two basaltic dikes are present on both sides of the canyon. The dikes (Appendix
3, Supplementary Figure 8), which are about 50 cm thick and have an average orientation
of 120, 84 NE, continue up the sheer canyon walls for about 450 to 500 m, where welded
pyroclastic tuff is found on the south side of the canyon (Billingsley and Hampton, 2000;
Wenrich et al., 1997). The dike is also aligned with similar vents further up the canyon
walls, on the Esplande surface of the north and south rims at a height of about 730 m
above MRL and beyond in Tuckup Canyon. Basalt flows and pyroclastic material from
the two vents closest to Grand Canyon, the Cork and the Yumtheska West vent, have
been dated by the 40K/40Ar method, at 407 ± 70 ka and 780 ± 150 ka, respectively
(Billingsley, 2001). A new 40Ar/39Ar age of 520 ± 30 ka was obtained from a river-level
sample of the 159-mile dike. See the data repository for a discussion of the significant of
this feature in regards to the Quaternary carving of Grand Canyon.
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Figure 19. Photographs of Whitmore remnants at RM 187.6 (L and R) annotated with the best available
geochronology.
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Episode 2: 400-275 ka: 177-mile flow
Following an apparent volcanic lull from 420-380 ka (Figure 13) isolated
eruptions in the Lava Falls area resumed. In the following 100 ka only one intracanyon
flow, the 177-mile flow, has been identified in contrast to the 10 flows that occurred there
from about 600 to 450 ka.
177-mile flow
Upstream from the Toroweap fault and the vast majority of Grand Canyon’s
intracanyon flow remnants is a small remnant dated at 353 ± 25 ka n=3, named the 177mile flow (Figure 15), as it is located at RM 177.3 L. The top of the remnant slopes
upstream, indicating that it flowed upstream at least a short distance (Crow et al., 2008).
The base of the flow, which has pillow structures, overlies 2 m of mainly non-volcanic
mainstem Colorado River gravel (Pederson et al., 2002). Remnants 27 and 17 km
downstream, below Whitmore Wash, at RM 194.8R and 204.6L, mapped as Massive
Diabase by Hamblin (1994), are believed to be correlative based on a new 40Ar/39Ar ages
of 345 ± 30 ka and 336 ± 36 ka, respectively, and similarities in major-element and REE
concentrations (Figure 12 A and Figure 14 H). Similarly, remnants mapped as Layered
Diabase at RM 192L and 183.9 have similar ages of 334 ± 39 ka and 320 ± 13 ka,
respectively. Although no geochemisty is available for these remnants, we tentatively
group them in with the 177-mile flow. We suggest that the terms Layered and Massive
Diabase should be dropped as the remnants are not shallow intrusions as the term diabase
implies; instead we suggest that these specific remnants now be referred to as part of the
177-mile flow. Extrapolation of the upstream dipping surface indicates the 177-mile flow
probably did not extend past RM 172 (Figure 11 E and F). Similarly the downstream part
of the flow likely pinched out around RM 225 and probably had a maximum thickness of
about 60 m (Figure 11 F). This indicates that total length of the flow was greater than 44
km and probably closer to 85 km. Based on the reconstructed top of this flow, its vent
area is inferred to be in the Lava Falls area (Figure 11 F).
Episode 3: 275-150 ka: major volcanism begins in the Whitmore Wash area
Starting around 250 ka the locus of volcanism shifted to the Whitmore Wash area
(Figure 9). A number of thin flows poured down that tributary partially filling at least a
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5.5 km reach of Grand Canyon. At ca. 200 ka multiple casacades entered Grand Canyon
in a 6 km reach downstream from Lava Falls, forming the Lower Gray Ledge and 180.8mile flows.
Upper and Lower Whitmore flows
Whitmore Wash, a tributary to Grand Canyon, was completely filled with more
than 50 individual basalt flows that originated from cinder cones up that tributary,
diverting Whitmore Wash downstream about 1 km. A cross-section of the filled paleoWhitmore Wash is present at RM 187.6R (Figure 19 A), where the now diverted paleotributary once entered Grand Canyon. The flows that filled Whitmore Wash are
distinctive amongst Grand Canyon lava flows in that they are almost all relatively thin (36 m). They are present from RM 187.6, where they entered Grand Canyon, to RM 191.
Hamblin (1994) referred to them as remnants of the “Whitmore Dam”. Fenton et al.
(2004) subdivided these remnants into 5 separate units: the Whitmore Sink flows (Qbws1
and Qbws2: present only in Whitmore Wash), Whitmore Cascade, the top flow of the
Whitmore Wash fill (Qbwc2), Qbwc1 (a flow underling Qbwc1 in Whitmore Wash) , and
their “Hyaloclastite Dam”. The “Hyaloclastite Dam” (RM 188.1L) is a slumped region of
interbedded hyaloclastites, pillow basalts and lava flows that was interpreted to be a dam
site (Fenton et al., 2004).
New XRF analyses on 12 Whitmore remnants indicate they are all tholeiites; they
plot in the subalkaline field in total alkali silica space (Figure 12 A) and have normative
hypersthene. These same samples also have flat nearly identical REE profiles indicative
of tholeiitic compositions (Figure 14 I). This agrees with Fenton et al. (2002) who
suggested, based on REE profiles, that the Whitmore Cascade was a tholeiite but does not
support Fenton et al. (2004; 2006), who stated that the “Hyaloclastite Dam” is the only
known Quaternary tholeiite in Grand Canyon.
The Whitmore flows can’t be discriminated on the basic of major-element and
REE chemistry, because geochemical similarities suggest similar sources. Instead we use
the available geochronology and stratigraphic position to define two flow units within the
Whitmore flows. These units were emplaced stratigraphically above each other, with no
inset relations. Although individual ages from three locations where the top and base of
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these “Whitmore” flow stacks has been dated (Figure 19) indicate that the top flows is
younger than the basal flows, the ages also overlap at 2 sigma. However weighted mean
ages suggest that top and bottom flows are 200 ± 13 ka n=5 and 252 ± 24 ka n=6,
respectively. The ca. 200 ka age for the upper flows agrees well with the weighted mean
cosmogenic 3He age (179 ± 9 ka n=8; (Fenton et al., 2004)) on the topmost flow in
Whitmore Wash (“Whitmore Cascade” of Fenton et al. (2004)). Although some of the
basal flows are as old as 330 ± 90 ka and 321 ± 55 n=2, these relatively less precise ages
are likely statistical outliers because more precise ages suggest the basal flows are ca. 250
ka. It is however possible that older flows exist.
We rely on the distinct weighted mean ages of the stratigraphically separated
upper and lower flow units to define the Upper and Lower Whitmore flow units. We
include the Qbwc2 and Qbwc1 (Whtimore Casacade) flows of Fenton et al. (2004) in the
Upper Whitmore flows but not their Whitmore Sink flows (Qbws1 and Qbws2) as they
are alkali basalts not related to Upper or Lower Whitmore (Fenton et al., 2004). We
interpret their “Hyaloclastite Dam” to be a slumped “Whitmore” remnant that contains
flows from both Upper and Lower Whitmore. The 40Ar/39Ar dating is not precise enough
to determine if a hiatus exists between the Upper and Lower Whitmore flows or if they
were erupted continually over tens of thousands of years. However at RM 189L (Figure
20) and 189.4L (Appendix 3, Supplementary Figure 9), Lower Whitmore flows are
separated from undated Upper Whitmore flows by a ca. 2 m colluvial lens which may
represent the hiatus between Lower and Upper Whitmore. We have not been able to
verify the interbedded fluvial gravels within or between Lower and Upper Whitmore that
Hamblin (1994, p. 58) used to suggest that the Colorado River was overtopping the
Whitmore dams as they were constructed.
Lower Whitmore remnants have been identified by 40Ar/39Ar dating between RM
187.6 and 189.7 and are likely present to RM 190.5, where remnants of similarly stacked
flows are present at similar heights of 120-160 m above MRL. Remnants with similar
ages at RM 192, 194.8, and 204.7 are not related because they are not tholeiitic. Crow et
al. (2008) used these lower alkali basalt remnants which are within 10s of m of MRL to
suggest that the Whitmore dam had a stepped-morphology, but the new geochemistry
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Figure 20. Photos from near RM 189L showing deposits below the Lower Whitmore flows.
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indicates that they are not related to either the Lower or Upper Whitmore flows and are
part of the 177-mile flow that filled the canyon before the emplacement of Whitmore
flows (see above). The Lower Whitmore flows flowed down Grand Canyon at least 5.5
km and likely much farther. The 85 m thick basal flow in paleo-Whitmore Wash (Figure
20 A), which Hamblin erroneously related to the Ponderosa flow, is the best estimate of
the thickness of the Lower Whitmore flows. However this is a minimum estimate that
does not include the aggraded cinders and gravels under it (see below). The top of the
basal flow is about 180 m above the PRL.
Upper Whitmore flows stratigraphically overly the Lower Whitmore flows within
the same 5.5 km reach. The top of Upper Whitmore flows in a 2 km reach below the
paleo-Whitmore Wash (RM 187.6) is about 60 m higher on the north side of the canyon
as compare to the south side (Figure 11 G). Although this may be due to partial removal
or discontinuous emplacement of the thin Upper Whitmore flows, we suggest that it is
instead due to ponding of flows on the north rim near where Whitmore Wash enters
Grand Canyon. After excluding the high north-rim remnants, analysis of the thickness of
the Upper Whitmore (Figure 11 G and H) dam suggests it had a maximum height of
about 200 m above PRL. Although no remnants are found below RM 190, the flows may
have extended to around RM 200 based on projections of flow thickness (20 km long).
To help determine the longevity and duration of the Upper and Lower Whitmore
flows we have also examined the deposits immediately above and below them. Cinder
deposits 10s of m thick are found below the Lower Whitmore flows at five locations (RM
187.6R (Figure 19), 189L (Figure 20), 189.4L (Appendix 3, Supplementary Figure 9),
188.6R and 190.2R). These deposits, partially mapped as Qfd1 by Fenton et al. (2004),
typically show evidence for reworking by fluvial processes and at RM 189L grade into
rounded and well-sorted basaltic river gravels with up to 1 m sized boulders (Figure 20
and Appendix 3, Supplementary Figure 10 and Supplementary Figure 11). The basaltic
gravels are present at 160 m above MRL and about 130 m above the 250 ka PRL. These
observations strongly suggest that the Colorado River aggraded over 100 m prior to the
emplacement of the 250 ka Lower Whitmore flows. Upper Whitmore is overlain by a
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tholeiitic outburst-flood deposits in a number of locations that have been dated to ca. 200
ka (see below; Fenton et al., 2004).
180.8-mile flows
About 2.5 km downstream from Lava Falls rapid, at RM 180.8R, is a series of
flat-lying basalt flows at the base of a cascade we call the 180.8-mile flows. There is
strong evidence for the fluidized mixture of lava with river sand and gravel at their base
(Appendix 3, Supplementary Figure 12). The peperite is underlain by mainstem river
gravels and colluvium and overlain by a 20-30 m-thick irregular shaped hyaloclastite
zone in the basalt flow (Appendix 3, Supplementary Figure 12). Both the peperite and
hyaloclastite suggest rapid quenching by Colorado River water and water saturated
sediments.
A pillow-like basalt lens in the peperite yielded an 40Ar/39Ar age of 200 ± 30 ka.
Although the similarity in age suggests a possible correlation to Lower Gray Ledge (see
below), the REE signatures suggest they are distinct (Figure 14 J). The top of the flow is
72 m above MRL and is directly overlain by another flat-lying flow that extends to a
height of 98 m above MRL, suggesting that the stacked flows were at least 100 m above
MRL and about 75 m above the PRL. If unnamed remnants 200 m upstream are related, a
third flow is likely present at heights up to 150 m above MRL. No other remnants of this
flow have been found so an estimate of its length is not possible.
Lower Gray Ledge flow
Hamblin (1994) defined Gray Ledge remnants between RM 185.7 and 192.
Karlstrom et al. (2007) suggested that in addition to those remnants, a misidentified
Black Ledge remnant at RM 184.6L was also related based on 40Ar/39Ar dating. They
also suggested that separate Upper and Lower Gray Ledge flows are present based on
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Ar/39Ar ages of ca. 100 ka and 200 ka. Upper Gray Ledge has however never been

positively identified stratigraphically above or inset into Lower Gray Ledge (cf. Fenton et
al., 2006).
Lower Gray Ledge is similar in major-element and REE geochemistry to a Lava
Falls remnant at RM 182.7R (Figure 12 A and Figure 14 J) that has been dated at 250 ±
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40 ka. Because of the similarity in geochemistry and age (Lower Gray Ledge remnants
have been dated at 210 ± 7 ka n=3) we suggest that the two are likely related.
Reconstruction of the original thickness of the Lower Gray Ledge dam indicates it was at
least 120 m thick (Figure 11 I and J). Although known Lower Gray Ledge remnants are
only present between RM 182.2 and 187.9 the flow could have extended past RM 195 (a
length of 19-26 km).
The likely source of the Gray Ledge flows are basalt cascades on the north rim
between the Lava Falls area and Whitmore Wash (Figure 21). Apart from the tholeiitic
samples in Whitmore Wash, cascades in this area with ca. 200 ka ages include the
Esplanade Cascade at RM 182 (Hamblin, 1994), a flow north of Vulcan’s Throne,
Vulcan’s Footrest, and Toroweap Terrace (Fenton et al., 2004); see Figure 13 for exact
ages. REE data indicates that the later 3 are not related (Figure 14 K). No geochemistry is
available for the Esplande Cascade.
Episode 4 150-75 ka: 100 ka cascades and the Upper Gray Ledge flow
At around 100 ka multiple cascades were active between the Lava Falls area and
Whitmore Wash. At least one major intracanyon flow, Upper Gray Ledge, resulted from
these cascades.
100 ka cascades
Most of the 100 ka cascades are located between RM 179 and 181 due to
eruptions in the Toroweap Valley area; see Figure 21. Although a few ages of ca. 200 ka
have been obtained at the lower end of Toroweap Valley (see above), most of the upper
flows in this area are in the 100 ka range, hence cascades from the north rim were active
at least during the interval from 200 to 100 ka. Three new 40Ar/39Ar ages of ca. 80 ka
have been obtained for flows west of Vulcans Throne at the very edge of Grand Canyon
(Figure 16 and Figure 21). We are referring to these as the Toroweap Cascade flows, as
they are at the southern end of Toroweap Valley. The three ages which came from two
stacked flows give statistically indistinguishable ages with a weighted mean of 81 ± 16 ka
n=3. These ages are somewhat similar to cosmogenic 3He dates on the 107 ± 9 ka n=6
“Younger Cascade” (Figure 16 and Figure 21). REE signatures however indicate that
Toroweap Cascade and the Younger Cascade are likely unrelated (Figure 14 L)
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Figure 21. 3D perspective view of the southern Uinkaret volcanic field showing the locations of lava cascades and
their ages.
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suggesting numerous separate low volume cascade eruptions, only some of which
reached the Colorado River.
Upper Gray Ledge flow
Upper Gray Ledge is indistinguishable from Lower Gray Ledge in the field, the
heights to the tops of the two flows are extremely similar (Figure 11 K), and the
geochemistry of the two flows is also similar (Figure 12 and Figure 14 M). The two flows
can only be distinguished based on 40Ar/39Ar ages. Dated Upper Gray Ledge remnants
have been identified between RM 184.6 and 190.9 and give a mean age of 99 ± 19 n=4.
The basal Esplanade flow at RM 181.2R, dated at 117 ± 20 ka, is likely related. REE
similarities to Fenton et al.’s (2002) Younger Cascade offer the most likely source of the
Upper Gray Ledge flow. Analysis of the original thickness of the Upper Gray Ledge flow
indicates that it may have been slightly thicker than the Lower Gray Ledge flow, at about
120 m above PRL and could have reached RM 196, past the last and undated Gray Ledge
remnant at RM 192 (Figure 11 L). If the Younger Cascade is indeed the source of the
Upper Gray Ledge flow it was originally close to 27 km long.
DISCUSSION OF LAVA DAM PROCESSES: FLOW STRUCTURE, OUTBURST
FLOOD DEPOSITS, AND LAVA DAM LAKES
The following sections will examine the structure of flows as it pertains to their
stability. Evidence for interbedded volcanic debris, lava tubes, and features indicative of
lava-water interactions will be detailed in turn. This evidence will then be used to argue
that intracanyon flows backed up Colorado River water creating large lakes. Finally
outburst-flood deposits will be linked to specific dams when possible.
Pyroclastic deposits
Cinder deposits have been found within and under the High Remnant, Upper
Prospect, and Lower Whitmore flows, near where they are thought to have entered the
canyon. In the case of the Lower Whitmore flows, cinders 10s of m thick are present
under the flow for about 4 km below the Whitmore Wash tributary junction, where the
flows entered Grand Canyon. These were almost certainly reworked from up Whitmore
Wash where the cinder cones that erupted to form these flows were active. Intraflow
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cinders have not been found in far-traveled distal parts of dams suggesting that they are
restricted to the upstream-most part of lava dams near active pyroclastic vents. Although
the head of the Upper Black Ledge dam is not preserved we believe that that dam was
sourced from a volcano centered over the Vulcans Anvil volcanic plug. Similarly, the
Upper Prospect flows are believed to be sourced from the Prospect Dikes, which are
overlain and underlain by cinder cone fragments. These unconsolidated cinders would
have weakened the sections of the flows they are incorporated into leading to rapid
removal of those (upstream) parts of the flows.
Lava Tubes?
The far-traveled flow of lava, over >135 km in the case of the Lower Black Ledge
flow, requires significant insulation if low effusive rates assumed (Keszthelyi and Self,
1998). This is most easily accomplished by the roofing over of channelized flows
resulting in the formation of lava tubes (Dragoni and Tallarico, 1995). For example the
160 km-long Undara flow, in northeastern Australia, which partially flowed down the
course of the Einasleighn River was emplaced by a network of lava tubes that were
partially drained forming a large cave system (Stephenson et al., 1998). Although lava
tubes have not been found in Grand Canyon, they are likely required to insulate basalt
flows sufficiently to allow them to flow for 10s of km. Analogous lava dams on the Boise
(Howard et al., 1982), Snake (Stearns and Steward, 1938) and Yukon rivers (Huscroft et
al., 2004) show evidence that lava tubes on the rim drained into those canyons and in the
case of the Yukon dams filled lava tubes are present in the canyon. Lava tubes are
common in the basaltic canyon fills associated with the modern Laki eruptions in Iceland
(Thordarson and Self, 1993). The lack of preserved lava tubes in Grand Canyon may
indicate that they were preferentially removed during dam failure. If present and emptied
they likely lead to permeable or leaky dams. Examples of leaky lava dams are known on
the modern McKenzie (Taylor, 1965) and ancestral Snake Rivers (Malde, 1982; Stearns,
1936). However in the case of the Snake abundant lacustrine deposits indicate that the
river was still sufficiently impounded to create lake reservoir-sized lakes and on the
McKenzie modern lakes are present above the leaky dams.
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Lava-Water Interactions
The structure of Grand Canyon’s intracanyon flows varied greatly over their
length. Textures indicative of water-lava interactions, including pillows, peperite, and
hyaloclastite, are only known near the upstream most extent of the 177-mile, Toroweap,
180.8-mile, and Lower and Upper Whitmore flows indicating that the upstream part of
intracanyon flows were quenched quickly by river water. A lack of these features in the
farther traveled flows (i.e. Black Ledge, 177-mile, Whitmore, and Gray ledge flows)
indicates that the Colorado River was temporarily blocked early during the formation of
these dams and that much of the erupted volume flowed down a mostly dry river bed
(Hamblin, 1994).
The Toroweap flow stack is one of the best examples of the structure contained
within the upstream-most end of a flow. The Toroweap A flow transitions from a massive
flow with a well-formed colonnade and entablature to almost entirely peperite in the
upstream direction (Hamblin, 1994). Toroweap C, E, and F also transition in the
upstream direction from solid basalt flows to deltaic foreset of hyaloclastite and basalt
that dip about 10° in the upstream direction. This strongly indicates that the upstream
portion of these flows interacted with significantly more river water and water saturated
sediments as indicated by the peperite, and hyaloclastite. Deltaic foresets composed of
hyaloclastite and pillow basalts in other regions have also been interpreted to represent
the upstream flow of lavas into standing water (Andrews et al., 2012; Ely et al., 2012;
Howard et al., 1982; Huscroft et al., 2004; Jones and Nelson, 1970), suggesting that a
lake was forming behind the dam created by Toroweap A and B when C, E and F were
emplaced.
The 180.8-mile flows are also an excellent example of the upstream structure of
an intracanyon flow. At RM 180.8R about 30 m of hyaloclastite overlies peperite and
mainstem Colorado River gravels, strongly suggesting that the 180.8-mile flows poured
directly into the Colorado River or standing water that rapidly quenched and brecciated
the basalt flow. More examples of these types of lava-water-interactions are plausibly
lacking due to the fact that pervasively fractured basalt formed by quenching is much less
resistant to erosion and was likely removed during dam failure.
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Additional evidence for lava-water interaction comes from cooling textures
observed in many intracanyon lava flows. Most of Grand Canyon’s intracanyon basalt
flows exhibit two-tiered cooling structures with a relatively thin zone at the base of flows
composed of large-diameter (up to 1 m) well-formed columns, referred to as the
colonnade, which is overlain by a much thicker zone of irregularly oriented columns
(typically 10 -20 cm diameter), referred to as the entablature. These textures were first
described by Tomkeieff (1940) and are widely thought to form when water penetrates the
flow top and cools the upper part of the flow convectively (downwards), forming the
entablature, while the lower colonnade cools slowly (upwards) by conduction (Bjornsson
et al., 1982; Degraff et al., 1989; Long and Wood, 1986; Lyle, 2000; Saemundsson, 1970;
Swanson, 1967; Walker, 1993). Direct observation of the Kilaueu Lake indicate that
rainfall <250 cm/yr is insufficient to generate entablatures (Hardee, 1980), indicating that
precipitation an order of magnitude greater than present day amounts of 20-50 cm/yr
(Daly and Taylor, 1991) is needed if rainwater alone is the source of the water influx that
cooled the entablature zone. Although the Grand Canyon region was likely wetter during
glacial times, recent studies in south central Utah suggest precipitation was only
nominally greater (150% of modern) there during the latest glacial maximum (Marchetti
et al., 2011). The close association of entablature occurrences to basalt-filled rivers
suggests that these cooling structures probably form most often due to stream flow on top
of cooling basalt flows (Degraff et al., 1989; Long and Wood, 1986; Saemundsson,
1970). In Grand Canyon most flows exhibit well-developed entablatures, which are
generally 3 to 15 times thicker than colonnades (Figure 22). In many flows the smaller
columns that make up the entablature radiate away from primary fractures (Figure 22 A)
suggesting that water-steam convection in those fractures created cooling fronts within
the flow. Simple numerical cooling models based on the time needed to form the
colonnade by conduction alone (Degraff et al., 1989) and the assumption that flows fully
solidify when the downward and upwards migrating fracture systems meet, can be used
to estimate the time needed for solidification. In Grand Canyon, these models suggest
solidification times of a few months to as many as 3 years during which the Colorado
River was likely flowing over the flows. Thus the two-tiered cooling structures, in most
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Figure 22. Photographs of intracanyon dam remnants showing cooling structures. A) Columns in the
entablature of a remnant at RM 184 are orthogonal to a master fracture due to convective flow of water in the
fracture. B) Most remnants (like this one from RM 194) have a much thicker entablature than colonnade.
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of Grand Canyon’s lava flows, strongly suggests that flows dammed the river and were
overtopped by the Colorado River while the flows were still solidifying.
Effectiveness Of Lava Dams At Restricting Flow
A natural question is to what extent did Grand Canyon’s intracanyon flows
impound river water in lakes above the normal pool-riffle pre-dam river profile or in
other words to what extent did the intracanyon flows form dams?
Hamblin identified proposed lake sediments throughout Grand Canyon all the
way up to Lees Ferry. These deposits vary from fine-grained siltstones to diamictons and
gravels and were interpreted by him to have formed in deltaic environments. Kaufman
(2002) suggested as earlier and subsequent works have (Anders et al., 2005; Machette
and Rosholt, 1991; Pederson et al., 2006) that the supposed deltaic deposits are mainstem
river gravels in fill terraces, side-stream terraces, and debris-flow deposits. The ages of
the fill terraces, determined by U-series dating of calcite cement around gravel clasts and
optical stimulated luminesce dating of sands (Pederson et al., 2006), do not agree well in
most cases with the timing of intrcanyon flows. During the last 400 ka, the period over
which the ages of fill terraces have been determined, 4 aggradation events have been
identified at 15 ka, 50 ka, 110 ka, and 320 ka. Only the earlier two correspond to times of
intracanyon volcanism, specifically the Upper Gray Ledge and 177-mile flows. Because
the other times don’t correspond to time of intracanyon volcanism and because other
known times of intracanyon flows aren’t associated with fill-terraces we suggest, as
Pederson et al. (2006) did, that the fill terraces are a response to climatic fluctuations that
affect sediment supply and stream power.
Kaufman (2002) revisited many of the siltstones reported to be lake deposits and
determined they were too young to be associated with lava dams and likely formed in
spring-fed polls. Supposed lake deposits at Elves Chasm are travertine flowstone and
carbonate cemented colluvium and gravel. Deposits in the Surprise Valley area are
landslide deposits (Huntoon, 1975). Red Slide is a coarse colluvial wedge with cross
stratification parallel to the modern canyon walls, not an upstream-fed delta.
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Erosional remnants of lake deposits associated with potentially analogous lava
dams exist throughout the world (Ely et al., 2012; Howard et al., 1982; Kataoka et al.,
2008; Malde, 1982; Righter and Carmichael, 1992) and remain for up to 1.8 Ma.
Reservoir-sized lakes are also inferred to have formed behind lava dams on the Yukon
and Fraser rivers in Canada, which have larger discharges than the Colorado River in
Grand Canyon. Modern basaltic lava dams impound large lakes worldwide (e.g. Brown,
1969; Ólafsson, 1979). Although these environments may have greater preservation
potential for lacusterine deposits, one would expect vestiges of lacustrine deposits in
Grand Canyon if long-lived lakes existed there during the last 0.85 Ma. A lack of lake
deposits in Grand Canyon may indicate that Grand Canyon’s intracanyon flows were
leaky (Crow et al., 2008) and short-lived (Fenton et al., 2002; Fenton et al., 2004; Fenton
et al., 2006; Kaufman et al., 2002) but additional lines of evidence strongly suggest that
large lakes did exist.
The presence of rounded river gravels 200-260 m above MRL on top of the Upper
Whitmore dam and the Buried Canyon dam requires that the Colorado River was raised
to that level by lava dams. A lack of far-traveled clasts in the monomictic basalt gravels
and a lack of coeval aggradation events (Pederson et al., 2006) precluded the possibility
that these deposits were due to climate-driven aggradation. The resulting lake formed
behind the 260 m high Buried Canyon lava dam would have backed water up to the 760
m modern elevation contour, past Phantom Ranch to about RM 80 (to near Sockdologer
rapid in the Upper Granite Gorge). Such a lake is comparable in size to Lake Powell,
formed behind the 220 m high Glen Canyon Dam. Although gravels are not known to
overly the High Remnant and Toroweap flows, the heights of these dams, 330 m and 370
m, respectively strongly suggest significant blockages that are likely to have impounded
Colorado River water even if the flows were leaky. This is especially true of dams with
long upstream (> 1 km in the case of the High Remnant) and downstream run outs (>135
km in the case of lower Black Ledge; see the length of dams in Table 2). Although parts
of these dams that were underlain by unconsolidated sediments or volcanic debris and
contained lava tubes may have been leaky, it is hard to imagine the Colorado River with
mean annual floods of 2440 m3/s (86,000 cfs) (Howard and Dolan, 1981) and a mean
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annual sediment load of 140 million tons (Smith et al., 1960) passing through the entire
length of a dams without constricting flow and backing up an associated lake.
Monomitic basaltic gravels within the Buried Canyon and Toroweap flows, at
heights of 40 and about 75 m above the base of those flow sequences, respectively,
similarly require albeit smaller lakes. These heights are significantly higher than the
mean (11 m) or maximum (32 m) modern depth of the Colorado River (Wilson, 1986)
indicating that the profile of the Colorado River was locally raised at least temporally. A
lack of far-traveled clasts in these deposits requires that upstream blockages were
effective at trapping otherwise through flowing coarse sediment during the building of
these multi-flow dams. Similar monomitic gravels (outburst-flood deposits) capping the
Gray Ledge at heights of 50 m above the base of the flow (RM 187.6) also requires
damming and associated lakes.
Although many of Grand Canyon’s lava dam remnants are topped by outburstflood deposits, at least a few remnants are overlain by mainstem Colorado River gravels.
Near Spencer Canyon ( RM 246; Figure 9) a 27-m thick Lower Black Ledge remnant,
across from Spencer Canyon, has terraces, channels, and ca. 5 m diameter potholes cut
into it which are covered in places by a lag of mainstem Colorado gravels, including
exotic clasts foreign to Grand Canyon (Crow et al., 2008). In the Granite Park area,
between RM 204 and 207, the Qfd3 flood deposits, which are preserved at a height of up
to 89 m above MRL on top of Upper and Lower Black Ledge remnants, contain exotic
clasts deposited by a free-flowing Colorado River at heights of up to 87 m above MRL
(Fenton et al., 2004). Exotic clasts have also been found on top of the Buried Canyon A
flow. This indicates that the Colorado River aggraded after the Black Ledge and Buried
Canyon A flow events and established itself on top of the stable distal portions of the
Black Ledge dam(s). Upstream lakes, recorded by the raised paleo-profile, would have
had to be silted in allowing the Colorado River to transport far-traveled sediment on top
of the dams. This is somewhat analogous to aggradational fill terraces except that the
river is responding to exogenic changes in its profile rather than changes in
discharge/sediment supply.
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Other support for stable lava dams and associated lakes include: 1) the presence
of features indicative of major lava-water interactions in only the upstream most parts of
dams, suggesting that the river was dammed quickly and that the remainder of the flow
poured down a mostly dry riverbed, 2) dipping deltaic foresets of hyaloclastite and
subaerial basalt in the Toroweap flows at a height of ~ 160 m above MRL, suggesting the
flow of lava into standing water, 3) the two-tiered internal cooling structures in many
flows that suggest that the flows were overtopped by the Colorado River as they
solidified, and 4) the basalt-filled paleochannel at Buried Canyon, which as stable enough
to force the Colorado River to incised through bedrock instead of reincising through the
dam itself. All of these lines of evidence lead us to conclude that most is not all of the 17
intracanyon flows detailed here produced lava dams.
Outburst-Flood Deposits
In order to more fully understand how structural and geometric differences in
Grand Canyon’s lava dam might affect the mechanisms by which they failed,
reconstructed lava dams need to be related to specific outburst-flood deposits when
possible. Fenton et al. (2004) identified 5 distinct monomictic basalt gravel deposits,
named Qfd1-5, in order of decreasing age, which they interpreted to be outburst-flood
deposits. Direct 3He exposure ages were obtained on the younger two deposits (Qfd5 and
Qfd4) and the age of older terraces were crudely bracketed based on inset relationships.
Although Fenton et al. (2004) proposed possible correlations between 4 flood deposits
and specific dams on the basis of geochemical similarities, only ten of Grand Canyon’s
intracanyon flow remnants were characterized geochemically at that time. The additional
of 43 new REE analyses on separate dam remnants warrants the revisiting of the potential
links between dams and flood-deposits.
Fenton et al. (2004) subdivided the flood deposits on the basis of age, total alkalisilica classifications from major-element analyses on quenched glass, and REE signatures
from both clasts and vitroclasts. Although some deposits like Qfd4 are easily identifiable
because they contain fairly unique tholeiitic clasts (Fenton et al., 2004; 2006), which are
only present in Upper and Lower Whitmore, other flood deposits such as Qdf1, Qfd3 and
Qfd5 have nearly identical total alkali-silica compositions and were discriminated by
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Fenton et al. (2004) on the basis of REE signature from clasts and vitroclasts. However
large variations in the REE composition of clasts from the same deposit (i.e. > 100 %
different in Qfd5; Figure 23), which are likely due to both incorporation of older
remnants during dam failure and large analytical uncertainties (see results section), make
absolute correlations to specific dam difficult. Nonetheless we will investigate possible
correlations of each of the outburst flood deposits for which geochemical data exists.
Qfd1 is only known from a single outcrop 1.5 km downstream from Whitmore
Wash (RM 189L). Based on the outcrops which we visited there (Figure 20), we
reinterpret it as a mass-failure deposit and basaltic gravels that are not related to
catastrophic failure of a dam (see above). The basaltic gravels are unlike other outburstflood deposits in that they are well-sorted, well-rounded, and contain no clasts greater
than ~1 m. Since the deposits overly Upper Black Ledge and underlies Lower Whitmore
its age is bracketed at about 550 to 250 ka. Of the known lava dams within this age range
the alkali basalt clasts and glasses within the deposit are most similar geochemically to
the 177-mile flow (Figure 23 A). Although it may also be related to Upper Prospect as
suggested by Fenton et al. (2002), new analyses of flows in that sequence show
substantially different compositions that are unlike Qfd1 (Figure 14 C; Appendix 3,
Supplementary Figure 4 E). Qfd2 was not considered as no REE data is available for it.
Qfd3 has been mapped by Fenton et al. (2004) in the Granite Park area, between
RM 203 and 214. Stratigraphic relationships indicate that it is younger than Upper Black
Ledge and older than Qfd4 or about 550 to 200 ka (Fenton et al., 2004). The clasts and
vitroclasts in the deposit have separate REE signatures which along with the presence of
the far-traveled clasts in the deposit indicate that it has likely been reworked (Fenton et
al., 2004; Figure 23 B). Although Fenton et al. (2002) related the glasses to Toroweap A
and the clasts to their “Whitmore Cascade”, we suggest that given the large uncertainty in
the measurements and the large range in both clast and glass REE signatures that
meaningful correlations can’t be made. Too many remnants of similar age overlap with
the analyses on the glasses and new analyses on Upper Whitmore (‘Whitmore Cascade”
of Fenton et al., 2004) don’t agree with the analyses on the clasts (Figure 23 B).
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Figure 23. REE plots of outburst-flood deposits and dam remnants that have been proposed as being related. “f”
superscript indicates analyses from Fenton et al., 2002 and 2004.
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Qfd4, present between RM 186 and 193, is perhaps the best understood flood
deposit. It is mapped easily from images and shows up as a high collar or bathtub ring of
rounded basalt boulders. Not only is Qfd4 the best preserved and most continuous flood
deposit but it is also fairly unique in the fact that it is dominantly tholeiitic (Fenton et al.,
2004). The only other known dam remnants with tholeiitic compositions are Lower and
Upper Whitmore which are ca. 250 and 200 ka, respectively. REE profiles from Qfd4
compare well with both Lower and Upper Whitmore (Figure 23 C). Cosmogenic 3He
dating of Qfd4 gives a mean age of 162 ± 10 ka n=9 with individual ages as old as 201 ±
28 ka suggesting a ca. 200 ka age. This is confirmed by 40Ar/39Ar dating of a large alkali
basalt boulder in the Qfd4 deposit (RM 191.6L) at 206 ± 31 ka. In the reach between
paleo-Whitmore Wash (RM 187.6) and RM 190.5, Qfd4 is mapped as occurring almost
entirely on top of the tholeiitic 200 ka Upper Whitmore remnants (see Figure 1 of Fenton
et al., 2004).
Fenton et al. (2006) modeled the failure of their “Hyaloclastic Dam” (located at
RM 188) which they thought produced the Qfd4 deposit, estimating discharges of about
105 m3/s,(3,500,000 cfs) about an order of magnitude greater than the largest prehistoric
flood, which had a discharge around 1.4 x 104 m3/s (500,000 cfs) (O'Connor et al., 1994).
However their model, which was highly dependent on dam breach geometry, is not able
to fully account for the geometry of the Qfd4 flood-deposits. At the time of their study
the “Hyaloclastic Dam” and the related flood deposits (Qfd4 of Fenton et al., 2004) were
the only known tholeiites in Grand Canyon, however this study shows that tholeiitic
remnants related to our Lower and Upper Whitmore flows are common in the reach
below Whitmore Wash. Their distribution shows that the dam that failed to produce the
modeled flood deposits was almost certainly much longer longitudinally (5 – 20 km) than
the dam failure they model, which had a geometry similar to modern constructed dam. A
plausible explanation for the inability of any of their models to explain both the high
flood deposits in the reach where related dam remnants are present and lower flood
deposits in downstream reaches is that the flood was much smaller and that it was
occurred when the distal downstream parts of the dam were still stable. This would
explain why the flood deposits are almost always found on top of Upper Whitmore
remnants which have similar chemistry and age.
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Qfd5 is present between RM 187 and 194 and has a mean cosmogenic 3He age of
104 ± 24 ka n=8 (Fenton et al., 2004). In almost all cases the flood deposit directly
overlies Upper or Lower Gray Ledge remnants, which are indistinguishable in terms of
height and only distinguishable by 40Ar/39Ar dating. Only in distal areas, after RM 192,
where the height to the top of all far-traveled flows converge (Crow et al., 2008), does it
overlie other remnants (Fenton et al., 2004). Although the REE signatures of clasts and
vitroclasts in the Qfd5 deposit are amongst the most variable (Figure 23 D), 4 samples
have consistent values that are similar to Upper Gray Ledge (Figure 23 D). The
correlation to the ca. 100 ka Upper Gray Ledge dam is supported by fact that the ages on
the dam and flood deposit overlap at 2 sigma. Fenton et al. (2002) suggested Qfd5 was
related to the Younger Cascade, which we believe may have been the source of Upper
Gray Ledge dam (see above). Thus we suggest that Upper Gray Ledge dam failed to
produce the Qfd5 deposits. The fact that Qfd5 almost always overlies the related Gray
Ledge remnants suggests that the flood-deposit may have been deposited on top of its fartraveled and longer-lived distal end.
A New Model for Dam Longevity and Failure Mechanisms
Based on the combined data summarized below, we suggest that many of Grand
Canyon’s dams had a multi-staged failure where the upstream parts of dams failed
quickly, often catastrophically, while the downstream far-traveled parts of the dams
lasted long enough (tens to hundreds of years and in some cases perhaps millennia) to
impound short-lived reservoir-sized lakes. This is in contrast to earlier models which
suggested either long-lived stable lava dams which lasted for tens of thousands of years
and backed the Colorado River water all the way to Moab, UT (Hamblin, 1994). Or
alternatively that dams failed catastrophically and completely within years of formation,
prior to being overtopped (Fenton et al., 2004; 2006).
The combined observations require: 1) that most dams were overtopped before
solidification, based on the two-tiered cooling structures; 2) that lakes formed behind
most of Grand Canyon’s lava dam as indicated by basaltic gravels within and on top of
flow remnants; 3) that at least the Black Ledge dam(s) was overtopped by a free-flowing
Colorado River, transporting far-traveled clasts as evidenced by the discovery of those
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clasts on top of that dam(s) (Crow et al., 2008); 4) that at least part of some dam failed
catastrophically, based on the occurrence of outburst flood deposits (Fenton et al., 2002;
2004); and 5) that most outburst-flood deposits were likely deposited on the distal parts
of the failing dam, based on geochemical and geochronological similarities and a
suggestion that that might better explain the hydrologic modeling of the “Hyaloclastite
Dam” failure.
The simplest model that satisfies these requirements is a hybrid of the endmember models of Hamblin (1994) and Fenton et al. (2002; 20004; 2006); Figure 24. We
suggest that most dams quickly dammed the river with far-traveled flows pouring down a
mostly dry river bed (stages 1 and 2 of Figure 24). This is indicated by the lack of
features indicative of lava-water interactions in far-traveled distal flow remnants. The
analogous modern Laki eruptions, in Iceland, completely dammed the Skaftá River
within days of entering the Skaftá River Gorge (Thordarson and Self, 1993). Overtopping
of Grand Canyon’s intracanyon flow must have occurred quickly because two-tiered
cooling structures indicate that overtopping persisted for months to years (stage 3 in
Figure 24). If lava dams were leaky as suggested on the Boise, Snake and McKenzie
rivers (Howard et al., 1982; Malde, 1982; Taylor, 1965) the overtopping may have taken
longer but the cooling structures indicates it took place quickly before the lava had
completely solidified. Then after overtopping, the upstream parts of some dams failed
catastrophically due to the failure of basalt weakened by lava-water interactions (stage 4
of Figure 24). Failure likely occurred due to piping of river water through brecciated
basalt, incorporated cinder and/or gravels, and unconsolidated colluvial material at the
margins of the dam (Fenton et al., 2004). In this model the outburst-flood deposits would
be deposited on the longer-lived distal portion of the failing dam and downstream from it.
The distal portions of the dams were likely longer lived due to the fact that they flowed
down a mostly dry river bed and were not pervasively brecciated by rapid quenching.
Finally the remaining portion of the dam was removed more slowly due to bedload
abrasion, lateral disaggregation, and plucking of basalt columns as the Colorado River
continued to flow over it (stage 5 of Figure 24). As Hamblin (1994) suggested this may
have been accomplished by knickpoint migration up the remaining length of the dam.
The lack of verifiable lake deposits suggests that many dams may have failed prior to the
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Figure 24. Conceptual model showing the inferred stages of dam failure
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silting in of the related lakes, which would have occurred within in tens to thousands of
years for most dams based on comparisons to Lake Mead and Lake Powell (Graf et al.,
2010).
Effects on Grand Canyon Incision
Many of Grand Canyon’s dated lava flows cap and preserve now-perched bedrock
straths and gravel terraces that allow for the quantification of bedrock incision. These
incision rates reported by Pederson et al. (2002) and Karlstrom et al. (2007, 2008) vary
spatially throughout the study area, from 160 to 50 m/Ma, due to fault slip and faultrelated flexures (Figure 10). However steady incision, noted at locations where
progressively younger straths are present lower on the canyon walls below older terraces,
suggest that repeated re-incision through lava dam knickpoints had little effect on longerterm bedrock incision rates. Assuming a 100 m high dam and a life span of 10 to 1000
years, suggests lava dams were incised at rates of 105 to 107 m/Ma, three to five orders of
magnitude greater than long-term bedrock incision rates.
CONCLUSIONS
The combined geochronologic, geochemical, and geospatial datasets presented
here define a new basalt flow stratigraphy for Grand Canyon’s intracanyon basalt flows
and a new model for Grand Canyon’s lava dams. We identify 17 separate flows or series
of flows, most if not all of which are interpreted to have produced significant
impoundments of the Coloroado River (lava dams). Although uncertainties in flow
correlation and dam geometry persist, the new data indicate that significant revisions
need to be made to both the flow sequence and remnant correlations of Hamblin (1994)
(Table 2), and to the conceptual framework of high stable dams (Hamblin, 1994) and
catastrophic dam failure (Fenton et al., 2002; 2004; 2006). Major changes to flow
stratigraphy and nomenclature are as follows: 1) Black Ledge remnants of Hamblin
(1994) are dominantly composed of two Black Ledge flows which are among the oldest
in Grand Canyon (not the youngest); 2) the High Remnant is not related to the Toroweap
flows as evidenced by significant differences in major- and REE composition; 3) the 177mile remnant is correlative with Massive and Layered Diabase remnants of Hamblin; 4)
Gray Ledge flows are actually two flows (upper and lower) the older of which is
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correlative with Hamblin’s main Lava Falls remnant and the younger to Esplanade. New
names for previously unidentified flows include: the 188.8-mile, High Remnant,
Whitmore Rapid, 183.4-mile, and 180.8-mile flows. We suggest that terms Layered and
Massive Diabase of Hamblin (1994) be discontinued as the remnants are not shallow
intrusions as the name suggests and seem to be mostly related to the 177-mile flow. Of
the 17 potential dams, we have identified sufficient remnants to reconstruct the original
extent of six, including: Upper and Lower Gray Ledge, Upper Whitmore, 177-mile flow,
and Upper and Lower Black Ledge. Dam heights varied from 45 to 330 m and run-out
lengths of >5 to over 135 km. Although it is possible that the Upper Prospect flows
created a volcanic edifice about 700 m high, we strongly suggest that the dam was likely
much smaller and mainly was restricted to the south rim of the canyon.
From 850 to 400 ka at least 11 eruptions occurred resulting in lava dams in the
Lava Falls area. The plethora of large remnants and dikes of this age in the Lava Falls
area (Figure 9) indicate that most of these flows likely originated from either volcanoes
centered within the canyon there (i.e. Upper Black Ledge and Upper Prospect) or from
cascades that entered the canyon in that area. Although most of the cascades were likely
sourced from eruptions on the north rim, at least one cascade of this age has been found
on the south rim and the Upper Prospect volcano likely formed at this time on the
southern flank of the canyon. Around 330 ka the 177-mile flow was emplaced. Although
we don’t know its exact source, dam reconstructions suggest it likely entered the canyon
near the Lava Falls area. At ca. 250 and 200 ka the locus of volcanism shifted to the
Whitmore Wash area and sent a series of thin flows down that tributary creating the
Upper and Lower Whitmore dams. The Lower Gray Ledge and 180.8-mile dams formed
during this same period and were likely sourced by north-rim cascades between
Whitmore Wash and the Lava Falls area. The last of Grand Canyon’s lava dams, Upper
Gray Ledge, formed about 100 ka and is likely related to the Younger Cascade, which
also entered the canyon around Lava Falls.
Evidence for lava-water interactions only in upstream most parts of lava dams
suggests that most dams likely dammed the river quickly. Two-tiered cooling-structures
present within almost all of Grand Canyon’s lava dams indicate that dams were
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overtopped by the Colorado River quickly, flowing on top of the dams for months to
years as they solidified. Monomictic volcanic–rich high-energy fluvial deposits are
interpreted to be outburst-flood deposits and indicate that parts of dams failed
catastrophically, possible due to piping through and around the unstable heads of dams
where lava-water interactions and incorporated debris would have created instabilities.
However in contrast to earlier models we suggest that these flood deposits, and the river
itself, were in most cases deposited/ established on top of the still stable downstream
sections of the same dam. This is supported by geochemical and age similarities between
floods deposits and the flows they overlie. The relative stability of the far-traveled part of
lava flows is expected as they likely flowed down a mostly dry river bed and would have
been less fractured. A lack of verifiable lake deposits suggest that dams were removed by
abrasion and plucking of columns before the resulting lakes were fully silted in. An
exception is Black Ledge dam(s) which was overtopped with mainstream river gravels,
including far-traveled clasts foreign to Grand Canyon, indicating that the resulting lake
was silted in allowing sediment transport through the lake and over the dam. This flow
was over 135 km long and may have persisted as a convexity in the river profile for
hundreds to thousands of years whereas smaller dams were likely removed with in tens to
hundreds of years. Overall lava dam knickpoints were easily eroded by the high-energy
Colorado River at rapid time scales such that western Grand Canyon still shows evidence
for semi-steady Quaternary bedrock incision and an absence of long-lived incision
transients caused by lava dams.
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CHAPTER 4 - Differential Incision of Grand Canyon: discriminating headward
erosion and epeirogenic tilting
ABSTRACT
U/Th dating of travertine in flights of river strath terraces provides bedrock
incision rates through time at three key locations in eastern Grand Canyon. Each locality
shows temporally steady incision with rates increasing from 101 ± 3 m/Ma in central and
western Grand Canyon over the last 4 Ma to 126 ± 6 m/Ma in eastern Grand Canyon over
the last 1.5 Ma. Fault dampening/ enhancement of incision within 10 km of faults is
superimposed on this regional pattern. This steady incision history is more consistent
with uplift forcings rather than a decaying threshold event, climate oscillations, or
migrating knickpoint transients over the timeframe measured. West-to-east increase in
steady bedrock incision is consistent with subregional mantle-driven uplift models
involving westward tilting of the Colorado Plateau surface by 0.01 °/Ma in the last 1.5
Ma, away from the area of highest mantle-velocity gradient near Lees Ferry or
differential rock uplift caused by post-10 Ma denudation of the Colorado Plateau center.
INTRODUCTION
Rivers incise into their underlying bedrock variably as a function of climate,
sediment load, bedrock properties, uplift, and base level changes (e.g. Kirby and
Whipple, 2001; Wobus et al., 2006; Phillips and Lutz, 2008; Pederson and Tressler, 2012;
Wobus et al., 2010). Although the complex interplay between these drivers of incision is
not completely understood, unique spatial and temporal patterns in incision can often be
used to infer which drivers are dominant in a given landscape. The goal of this paper is to
use Colorado River bedrock incision rate variations in Grand Canyons (Figure 25), as
now better constrained in time and space by newly dated river terraces, to infer which
controls on incision are dominant in carving Grand Canyon.
Hard-won Quaternary incision rate data points along the Colorado River system
(summarized in Aslan et al., 2010; Darling et al., 2012; Karlstrom et al., 2012 and shown
in Figure 25) have been previously calculated for individual terraces using a variety of
geochronometers. Each geochronometer has its own limitations such that careful
consideration of geologic context, analytical precision, and limitations of the chronometer
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Figure 25. Map showing the study area with all available incision rate data color coded to the technique used.
Background image shows mantle-velocity structure at 80 km depth (Schmandt and Humpreys, 2010) and a
semi-transparent hillshade.
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are needed. Few locations have been found that allow calculation of variations in incision
rates through time for given reaches. New incision rates presented herein are among the
most precise analytically, combine maximum and minimum ages to fully bracket the age
of gravel deposition, and, for the first time, use multiple strath levels to determine
temporal variations in bedrock incision in several reaches.
The new ages are from previously unconstrained key reaches of Grand Canyon
located between western areas of low incision rate (60-90 m/Ma) and eastern areas of
higher incision rates (150 m/Ma). These data provide a test of published models for the
mechanisms responsible for carving Grand Canyon: transient knickpoint retreat due to
headward erosion associated with Colorado River integration (Polyak et al., 2008;
Pelletier, 2010; Cook et al., 2009), variable bedrock strength (Cook et al., 2009; Pederson
and Tressler, 2012), epeirogenic uplift due to the isostatic response to denudation
(Pederson, Mackley, et al., 2002), mantle-driven epeirogenic uplift across fault blocks
(Karlstrom et al., 2008; Karlstrom et al., 2007), regional mantle-driven tilting (Liu and
Gurnis, 2010; Moucha et al., 2009), and/or tilting across sharp mantle velocity gradients
(Karlstrom et al., 2012). Specifically, knickpoint retreat models (e.g. Pelletier, 2010)
predict temporal changes in incision as kickpoints passes a given point. If bedrock
strength is dominant (e.g. Pederson and Tressler, 2012), spatial variations in incision
should correlate with bedrock composition. Uplift models along rigid fault block (e.g.
Karlstrom et al., 2007) predict subequal incision across fault blocks and across the area of
the new data. If mantle-driven uplift is instead broad, as suggested by geodynamic
models, surface tilting is expected with varying patterns that can potentially be used to
discriminate between diverse interpretations of mantle dynamics (Moucha et al., 2009;
Liu and Gurnis, 2010; van Wijk et al., 2010; Levander et al., 2011).
METHODS
Travertine samples for U/Th dating were obtained at multiple heights from 3
locations in eastern Grand Canyon where well-exposed stacked strath terraces are
preserved (Figure 25). Samples of clean calcite coatings around mainstem Colorado
River gravels were sampled along with detrital blocks of travertine that were deposited
along with the gravel (see DR Table 1 for locations and heights). In the Surprise Valley
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area where no travertine has been found we applied cosmogenic burial dating to gravels
shielded under landslide deposits.
Averaged bedrock incision rates were calculated by regression of a line (York et
al., 2004) or lines (in the case of non-steady incision) through a plot of strath height
versus age (i.e. Figure 26) yielding not only the incision rate (slope of the line) but also
an estimate of the modern depth to bedrock, the y-intercept. Ages on travertine infillings
around clasts provide a minimum age on the gravel such that only the oldest ages at a
given strath level were used in the regression. Similarly, ages on detrital travertine blocks
provide a maximum age on the gravel and only the youngest ages at a given level were
regressed. One test to evaluate the reliability of the resulting incision rate is to compare
the y-intercept to an independent measure of depth to bedrock below the river’s surface.
In the case of Grand Canyon, bathymetry and drill hole data indicated that bedrock is
typically about 19-24 m below river level (see Karlstrom et al., 2007) which is in good
agreement with y-intercept data suggesting bedrock is ~20 m below modern river level.
When only one dated strath is present, incision rates were calculated to the estimated
modern bedrock level (strath) below the river (e.g. Karlstrom et al., 2007).
RESULTS
U/Th dating of travertine cement and detrital blocks in stacked strath terraces
localities yielded 20 ages from 11 ka to 570 ka (DR Table 1). For key samples outside of
U/Th range, 234U model ages as old as 1.3 Ma with average percent errors of about 30%
were calculated. Although the model ages are less precise due to a range of assumed
initial δ234U values, we believe them to be reasonably accurate, becasue the range of
potential initial values was constrained by younger samples with successful U/Th ages.
Two cosmogenic burial ages from separate locations with similar strath heights give ages
of ca. 1 Ma with relatively imprecise errors of about 60%. Figure 25 shows sample
locations and a compilation of published incision rates. See the Appendix 4 for a detailed
description of each site, photos and analytical data.
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Figure 26. Plot of the height of dated straths versus their age for western and eastern Grand Canyon. The slope
of each line gives the incision rate and the y-intercept the bedrock strath using the points with black dots.
Kwagunt infilling data from Pederson et al. (2002; 2006).
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Western Grand Canyon
Incision rates in western Grand Canyon are well constrained due to basalt flows
which entered Grand Canyon near the Toroweap and Hurricane faults, capping and
preserving now perched river gravels (Karlstrom et al., 2007). Although incision there
has been modulated by fault related flexures within about 10 km of Quaternary faults (see
Figure 11 of Karlstrom et al., 2007), here we focus on background incision rates that can
be determined due to >135 km long flows which passed the relatively short wavelength
(>10 km) of folds. Near Spencer Canyon, ~ 25 km west of the Hurricane fault, new
40Ar/39Ar dating of a basalt flow (Crow et al., 2012) that caps mainstem river gravels
yields an incision rate of 93

m/Ma. This is consistent with speleothem-constrained rates

of ~90 m/Ma (Cave B and Dry Cave of Polyak et al., 2008; heights updated for post-Lake
Mead aggradation 2).
Surprise Valley
In the Surprise Valley area a series of landslides dammed the Colorado River
(Huntoon, 1975). We have obtained new cosmogenic burial ages from strath terraces
directly below two of these landslides, dating the mass failures for the first time and
constraining incision rates since that time. At river mile3 (RM) 135 (north side of the
river) cosmogenic burial dating of a 2-m-thick gravel deposit at the base of a paleochannel filled by ~ 30 m of landslide debris yielded an age of 940 ± 240 ka (1σ). At RM
136.9 (south side of the river) a 5-m-thick gravel which was buried by 10-25 m of
landslide debris, known as Panchos Runup (Watkins et al., 2007), that initiated on the
north side of the canyon and ran up the south side has been dated at 978 ± 287 ka (1σ).
The heights of the straths above the river are 70 and 61 m, respectively. Assuming the
deposits are coeval and using a mean strath height of 65.5 m these data yield a low
incision rate of 93

, based on a weighted mean age of 950 ± 368 ka (2σ).

Using the new data at Spencer and Surprise Canyons and speleothem data for
western Grand Canyon (Polyak et al., 2008) gives a background bedrock incision rate of
2

Cave B is at 654 m height and the 1923 river level was 291 m; Dry Cave is at 484 m height and the 1923
river level was 298 (LaRue, 1925).
3
We use the river miles of Steven (1983) measured downstream from Lees Ferry
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101 ± 3 m/Ma with a y-intercept of 28 ± 3 m (Figure 26), in broad agreement with
independent estimates of the depth to bedrock below the river. The fact that a linear
regression with an MSWD of <1 explains 99% of the variance in the data indicates that
incision has been steady in western Grand Canyon over the last 4 Ma.
Eastern Grand Canyon Travertines
At Elves Chasm (RM 117), Tanner (RM 69), Palisades (RM 65), and Kwagunt
(RM 56) stacked strath terraces have been dated using U/Th and 234U model age dating
of travertine that cements gravel clasts. At both Kwagunt and Elves Chasm, ages of
detrital travertine clasts were also obtained. At the 33.5 m Kwagunt terrace and the 48 m
Elves Chasm terrace, statistically indistinguishable ages on travertine infillings and
detrital clasts tightly constrain the age of gravel deposition at 390 ka and 565 ka,
respectively. Strath-to-strath analysis of the ages and heights of the newly dated terraces
give incision rates of 120-140 m/Ma at these sites (Appendix 4, Supplementary Figure
14). Taken together the ages of the oldest infillings (minimum depositional ages) and
youngest detrital clasts (maximum depositional ages) from all the sites give a strath-tostrath constrained eastern Grand Canyon bedrock incision rate of 126 ± 6 m/Ma with a yintercept of -20 ± 2 m, consistent with independent estimates of the depth to bedrock
below the river. The fact that a linear regression with an MSWD of 1 explains 98% of the
variance in the data indicates that incision has been steady in eastern Grand Canyon over
the last 1.5 Ma.
DISCUSSION
Tests of Inferred Uplift Drivers
New bedrock incision constraints indicate that the background bedrock incision
rate has been uniform at 101 ± 3 m/Ma in western and central Grand Canyon over the last
4 Ma. Lower rates in the hanging wall and higher rates in the footwall of the Toroweap
and Hurricane faults are now interpreted to be associated with short (< 10 km)
wavelength flexures adjacent to active faults (c.f. Karlstrom et al., 2008; Karlstrom et al.,
2007; DR Figure 3) and not of regional block-uplift significance. Incision rates increase
to 126 ± 6 m/Ma well east of the Toroweap fault, between Surprise Valley and Elves
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Chasm (RM 136 – 117), falsifying the hypothesis for uniform Grand Canyon incision
east of the Toroweap fault postulated by Karlstrom et al (2008) based on sparser data.
New data do not support bedrock strength as a major factor modulating incision, which
would predict slower incision through Paleoproterozoic crystalline basement at Elves
Chasm and Mesoproterozoic basalts at Tanner, and faster incision through weaker
Paleozoic and Mesoproterozoic sandstones at Palisades and Kwagunt, which we do not
see (DR Figure 3). Geomorphic models for whole-canyon headward erosion cannot
explain the difference in rates, as knickpoints associated with integration of the Colorado
River should have passed through western Grand Canyon prior to 4 Ma (Pelletier, 2010;
see below). Climatic variations at glacial-interglacial scales of 100 ka are likely
superimposed on the overall bedrock incision trends (Pederson et al., 2006), but provide
no explanation for steady incision nor for higher rates in the east. Similarly global
changes toward more erosive climate about 2.5 Ma (Zhang et al., 2001) do not explain
steady incision in western Grand Canyon.
Thus, we suggest that differential surface uplift is the most likely driver to explain
both the steady incision in each reach and the west-to east increase in incision rates.
Published mechanisms for Neogene uplift of the area include epeirogenic uplift due to the
isostatic response to denudation centered over the Canyonlands area (Pederson, Mackley,
et al., 2002; Lazear et al., 2012) and various scales/mechanisms of mantle-driven uplift
(Karlstrom et al., 2007; Karlstrom et al., 2008; Karlstrom et al., 2012; Levander et al.,
2011; Moucha et al., 2009; van Wijk et al., 2010). Mantle-driven and denudation-driven
models predict broadly similar patterns of incision in Grand Canyon. Although Lazear et
al. (2011) show that focused denudation in the relatively narrow Grand Canyon can’t
produce the needed isotactic response to explain the incision rates, they find that post-10
Ma denudation of the whole Canyonlands region could produce a few hundred meters of
differential rock uplift in Grand Canyon. Although the highest incision rates are not
underlain by the lowest velocity mantle, they do overly one of the largest gradient in
mantle-velocities in the western United States (up to 6 % in Vp and 12 % in Vs at depths
near the lithosphere/asthenosphere boundary (80 km)), which is closely coincident with
the Lees Ferry knickpoint (Karlstrom et al. 2012). Increased uplift is expected in this
region if edge-driven uplift (van Wijk et al., 2010) and the northeastward passage of a
100

mantle boundary, as recorded by accompanying magmatism (Crow et al., 2011), has
progressively changed the mantle buoyancy structure from west to east. If observed
differential incision reflects differential surface uplift, our data imply an east-up surface
tilt of about 0.01 °/Ma over 1.5 Ma between the edge of the Colorado Plateau and the
Lees Ferry knickpoint (present location of the mantle gradient). This new result places
important constrains for modeling mantle convection (Moucha et al., 2009; Liu and
Gurnis, 2010) and river profile evolution (Roberts et al., 2012) but additional work is
needed to assess the relative importance of isostatically-driven rock uplift and mantledriven surface uplift.
Knickpoint Transience and New Model for Carving Grand Canyon
Linear regressions through the newly dated paleo river positions have R2 values ≥
0.98 and MSWD ≤ 1 (Figure 26) suggesting temporally steady incision rates of 126 ± 6
m/Ma over the last 1.5 Ma in eastern Grand Canyon and steady rates of 101 ± 3 m/Ma
over the last 4 Ma in western and central Grand Canyon. Dated eastern Grand Canyon
speleothems, which are thought to reflect water table decline due to canyon incision
(Polyak et al., 2008), were recalculated based on their height above sidestream base level
as sidestreams may be partially decoupled from the mainstem in Grand Canyon (Anders
et al., 2005). This is a reasonable modification of the oversimplified hydrologic model
that a flat regional water table faithfully tracks mainstem incision (Karlstrom et al., 2008;
Pederson et al., 2008; Pearthree et al., 2008). These caves suggest that somewhat higher
incision rates may have operated from about 2.7 Ma to 3.7 Ma. However the relatively
large errors on the U/Pb dates give a poorly constrained incision rate of 579

m/Ma

(Figure 26) even without considering the unknown geologic uncertainty. Western Grand
Canyon speleothem localities are considered to be accurate reflections of Pliocene
incision as the sampled caves are < 2 km from the river whereas those in eastern Grand
Canyon that were sampled are up to 7 km from the Colorado River.
Our new steady differential incision data are consistent with the headward erosion
models of Pelletier (2010), who suggests that a knickzone created by 5-6 Ma integration
of the Colorado River across the Grand Wash cliffs could have reached eastern Grand
Canyon (past RM 100) by 4-5 Ma. Incision rates in the Lees Ferry area, where the
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prominent modern knickpoint is located, suggest an increase in incision rates there from
60 m/Ma to 400 m/Ma since ca. 200 ka which is interpreted to represent transient incision
through the area (Cook et al., 2009; Darling et al., 2012; Karlstrom et al., 2012). If so,
combining datasets, an ancestral Lees Ferry knickpoint could have migrated past upper
Marble Canyon (Kwagunt, RM 56) only before 1.5 Ma, at rates of < 60 km/Ma and past
central Grand Canyon (Surprise Valley RM 133) only before 4 Ma, at rates of < 58
m/Ma.
CONCLUSIONS
New incision rates suggest temporally steady incision of 126 ± 6 m/Ma
over the last 1.5 Ma in eastern Grand Canyon and steady rates of 101 ± 3 m/Ma over the
last 4 Ma in western and central Grand Canyon. Steady bedrock incision rates through
time argue against the passage of major knickpoints through those reaches during the
time intervals measured. Hence we suggest that an ancestral transient Lees Ferry
knickpoint was likely constrained to upper Marble Canyon (upstream of Kwagunt) since
1.5 Ma. Incision rates in eastern Grand Canyon are higher than western and central Grand
Canyon, but are not uniform across the eastern Grand Canyon tectonic block as
previously proposed. Instead, incision rates seem to increase from west to east in Grand
Canyon. This is best explained by broad mantle-driven epeirogenic uplift and/or isostatic
rebound from denudation of the Colorado Plateau which resulted in an east-up tilting of
the western Colorado Plateau strata by about 0.01°/Ma for at least 1.5 Ma. These data
provide important constraints on the recent tilting of the western margin of the Colorado
Plateau and the tectonically influenced steady carving of Grand Canyon by the Colorado
River system.
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APPENDICES
APPENDIX 1: SUPPLEMENTARY MATERIAL FOR CHAPTER 1
METHODS
Geochemical Analyses
Whole-rock major and trace element concentrations were determined by X-ray
fluorescence (XRF) at Washington State University’s GeoAnalytical Lab. Samples were
hand picked to exclude zeolite contaminants and then powdered in agate, tungsten
carbide, or zirconia mills. Fused beads (2:1 Li-tetraborate to sample mixure) were
analyzed for 27 elements (Appendix 1, Supplementary Table 1).
Nd, Sr, and U isotopic analyses were conducted at the Radiogenic Isotope
Laboratory at the University of New Mexico. Samples were dissolved in an HF/HNO3
mixture at about 110-120 °C for 24- 48 hours. U-series samples were spiked with known
quantities of 229Th, 233U, and 236U and precipitated with iron hydroxides. Sr and Nd were
separated on small columns using Ichrom Industries’ Sr.Spec, Tru.Spec and LnSpec
chromatographic resins, similar to a method described by Pin et al (1994).
Nd and Sr isotopes were measured on a Thermo Neptune multi-collector
inductively coupled plasma mass spectrometer. Nd isotopes were normalized to
146

Nd/144Nd=.7219. Replicate analyses (n=20) of the La Jolla Nd standard during the

course of this study gave a mean 143Nd/144Nd value of 0.511845 ± 13 (2). Sr isotopes
were normalized to 86Sr/88Sr ratio of 0.1194. Replicate analyses (n=5) of NBS-987 gave
a mean 87Sr/86Sr value of 0.710238 ± 19 (2). Epsilon Nd values
{([143Nd/144Ndsample/143Nd/144NdCHUR]-1)*10000} were calculated using 143Nd/144NdCHUR, 0
Ma

= 0.512638. (CHUR = Chondritic undifferentiated reservoir). U-Th chemistry and

mass spectrometry were done following the method described by Asmerom, 1999, prior
to our acquisition of the Neptune. NBL-112 U standard was measured during the course
of the study, obtaining 234U of -36 ± 1. 234U = { [(234U/238Usample /234U/238Usecular
equilibrium)-1]*1000}.

234

U/238Usecular equilibrium is equal to the ratio of the decay constants ()

of 238U and 234U, 238/234.
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Data Compilation
A literature search was conducted to find all the reliable Nd analyses on Miocene
and younger mafic volcanic rocks on and adjacent to the Colorado Plateau. Analyses
were included if: 1) the analyzed sample had Si02 ≤ 52 wt %, 2) reliable age information
was available, and 3) sample locations were given. Lamprophic rock types were excluded
from the analysis as they origin at much deeper levels than common basalt. For simplicity
all the mafic samples included in this study will be referred to as basalt even though some
would be chemically classified as basaltic trachy-andesites, trachy-basalts, tephrites or
basanites. Similarly the term “alkali basalt” is used loosely to mean not tholeiitic basaltic
rocks. Ages assigned to analyzed samples were based on 40Ar/39Ar dates or 40K/40Ar
dates. Sample locations, when not cited explicitly, were often vague and had to be
estimated given sample maps, descriptions of sampling localities, or were taken from the
Western North American Volcanic and Intrusive Rock Database (NAVDAT http://www.navdat.org/). Although NAVDAT was an important literature review tool, data

were compiled from the original sources to better assess the sample locations, age
estimates, and the procedures used in determining isotopic values.
DISCUSSION
Crustal Contamination
Most studies of magma source regions for alkali basalts from the southwestern
United States have concluded that crustal contamination has only minor effect on Nd
isotopes (Feuerbach et al., 1993; Fitton et al., 1991; Kempton et al., 1991; McMillan et
al., 2000; Perry et al., 1988), but some have suggested that non-mantle-xenolith bearing
basalts can have subtle crustal contamination (Glazner and Farmer, 1992; Wenrich et al.,
1995). To investigate this we compare the 1/Sr concentrations of southwestern basalts
with their 87Sr/86Sr values (Appendix 1, Fig. 3). A positive relationship is expected in the
cases of crustal contamination due to assimilation of crustal material with low
concentrations of dominantly radiogenic Sr. In western Grand Canyon, like most other
subregions (see Appendix1 , Fig. 3A), the oldest samples have among the highest
87

Sr/86Sr values and the largest Sr concentrations. This is counter to the model proposed

by Wenrich et al. (1995) that the older western Grand Canyon basalts were
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asthenospheric melts that were contaminated by crustal assimilation during assent, as
lower Sr concentrations would be expected in the case of crustal contamination. Many of
the ≤ 4.5 Ma basalts, like the Little Springs flow, are clearly asthenospheric as their εNd
and 87Sr/86Sr values are indistinguishable from MORB. Hence, we do not think crustal
contamination has a first order effect on the Nd and Sr isotopic values, particularly in the
case of the oldest and youngest basalts which have high Sr concentrations.
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Supplementary Table 1. Nd and Sr isotopic results from western Grand Canyon basalts.
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Supplementary Table 2. Nd and Sr isotopic values for Neogene basaltic rocks in the southwestern US.

126

Supplementary Figure 1. 87Sr/86Sr versus eruption age for Neogene basalts from the southwest US, showing a
decrease in 87Sr/86Sr with decreasing age. This relationship is strongest around the southern plateau margin
(zone A-C). Circles represent tholeiites and squares alkali basalts. Inset map shows the locations of the
subregions.
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Supplementary Figure 2. Nb/La versus eruption age for Neogene basalts from the southwest US, showing an
increase in Nb/La with decreasing age. This relationship is strongest around the southern plateau margin (zone
A-C). Circles represent tholeiites and squares alkali basalts. Inset map shows the locations of the subregions.
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APPENDIX 2: SUPPLEMENTARY MATERIAL FOR CHAPTER 2
METHODS
Geoid-to-Topography Analysis
The linear relationship between the geoid and topography can be used in a variety
of ways for geodynamic applications. Within the context of this study, two aspects are of
particular interest.First, for a region where both the topography and geoid are measured
over an area that is several times greater than the flexural wavelength (i.e. > ~100 km),
then the geoid-topography transfer function relationship (in the frequency domain),
which is also referred to as the admittance or the isostatic response function, can be
evaluated to extract information about the isostatic state of the lithosphere.This approach
has also been used to evaluate the flexural rigidity of the lithosphere (McNutt and
Menard, 1982) and to estimate the elastic thickness of the lithosphere (Banks et al., 1977;
Dorman and Lewis, 1972; McKenzie and Bowin, 1976; Watts, 1978). Secondly, at
wavelengths greater than the flexural wavelength (i.e., where features are isostatically
compensated) geoid anomalies caused by long-wavelength continental topography are
proportional to the elevation multiplied by the mean depth of compensation;
consequently, for a particular elevation, the greater the average depth of the isostatic
"root" and the larger the geoid anomaly. In this case, the geoid-to-topography ratio (GTR)
can be used to estimate the depth of compensation of crustal plateaus (Haxby and
Turcotte, 1978). In the spatial domain, the GTR can be calculated by simply dividing the
average elevation by the average geoid (Chase et al., 2002) or by plotting the geoid
height against topography and calculating the slope of the fit to the data in a traditional
least squares method (Sandwell and Mackenzie, 1989; Sandwell and Renkin, 1988).
Using this approach low GTR value (in the range of 2-4 m/km) are considered to be
indicative of topography that shallowly supported by thickened crust (dominantly Airy
compensation); intermediate GTR (in the range of 5-7 m/km) indicative of deeper
compensation that is related to lithospheric thinning (Crough, 1978); and a high GTR
value (greaterthan~7 m/km) is thought to be reflective of dynamic support from sublithospheric sources such as mantle convection.
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Significantly more information about the GTR can be obtained by performing the
evaluation in the frequency domain. Any load on the lithosphere can, in general, be
expressed as a Fourier series of different wavelength loads (Dorman and Lewis, 1970). In
the Fourier domain, the admittance, Z(k), is the ratio between the geoid anomaly, G(k),
caused by a topographic load on an elastic plate and the magnitude of the topography,
H(k), where G(k) and H(k) are the Fourier transforms of the geoid anomaly and the
topography, respectively and k is the wavenumber (k = 2pi/l).
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Supplementary Table 3. Studies proposing Neogene surface uplift of the Colorado Plateau
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Supplementary Table 4. Rivers in the vicinity of Zion National Park
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Supplementary Table 5. Incision rates along the Virgin River and its tributaries.

133

Supplementary Figure 3 shows the theoretical admittance curves for the compensation of topography by pure
Airy (surface loading of a 30 km-thick crust with negligible lithospheric elastic thickness), Airy compensation
with 15km crustal elastic thickness, and by thermal compensation (load from below the lithosphere). The
calculated admittance for the Virgin River Uplift and for the Regional-Scale Colorado Plateau are plotted with 1
sigma error bars. We conclude that the geoid-topography admittance for the Virgin River Uplift is consistent
with a significant component of thermal compensation (as evidenced by admittance values greater than that
predicted by pure-Airy compensation). The observed admittance at very long wavelengths (as indicted by the
admittance value of the regional-scale Colorado Plateau of about 4 m/km) is consistent with Airy compensation
with an elastic thickness of about 15 km.
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METHODS
40

Ar/39Ar dating

Samples for 40Ar/39Ar dating were collected with care to avoid visible alteration,
xenoliths or zeolites. Typically samples were taken from the base of flows in slowly
cooled basal colonnades however some samples from the entablature were dated as well
(see below). Hand samples were crushed to <2 cm pieces, ground in a mill, and then
sieved to 250-180 µm and 300-250 µm fractions. Phenocrysts were isolated from
groundmass by magnetic susceptibility and then handpicked to remove remaining
phenocrysts and any visible altered grains.
The resulting groundmass concentrates were then treated in an ultrasonic bath.
Tests designed to determine the effect of varying acids and treatment times, in the
ultrasonic bath, on radiogenic yield, potassium content, and the precision of the date were
first performed on 3 representative samples (RC06-203.8-1, RC07-246-IC, RC07-253.51). Aliquots of each of these samples were treated in an ultrasonic bath for: 1) 1 hour in
18 MΩ H20 (referred to as DI in Table 1), 2) 1 hour in 10% HCl (referred to as HCL in
Table 1), 3) 4 hours in 1N HCl, 7N HCl, 1N HNO3, and 18 MΩ H20 (for 1 hour each;
referred to as WSU in Table 1), and 4) 1 hour in 1N HCl followed by 3 half hour
treatments in 7N HCl, 1N HNO3, and 18 MΩ H20 (total of 2.5 hours; referred to as ½
WSU in Table 1). These test indicated that increasingly prolonged acid treatments
removed atmospheric argon, increasing radiogenic yields (higher 40Ar*), while also
preferentially removing potassium. Although higher radiogenic yields should increase the
precision of the date, little change was seen with the different treatments as lower
potassium concentration decreased the signal size relative to blank values. No statistical
difference in the age of the alternately treated samples was noticed. In an attempt to
remove atmospheric argon while keeping signal sizes large relative to blank values, the
remaining samples were treated in 10% HCl for 40 minutes and larger samples (~400 mg
in the furnace and ~100 mg in the laser) were used.
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Treated groundmass concentrates were then loaded into 12-hole machined
aluminum disks and irradiated for 1 hour at the USGS’s Triga reactor, near Denver, CO
or Texas A&M’s reactor in College Station, TX. The irradiated samples were then stored
for 1-6 months, to allow for decay of 37Ar, and step-heated with a Synard or Photon
Machines CO2 laser or a Mo resistance furnace and analyzed in a Mass Analyzer 215-250
mass spectrometer, at the New Mexico Bureau of Geology and Mineral Resources’s New
Mexico Geochronology Research Laboratory. A “cold finger” was attached to the
automated all metal extraction line to condense any water and other non-argon
constituents. Fish Canyon Tuff sanidine was used as a neutron flux monitor with the
assigned age of 28.201 Ma (Kuiper et al., 2008). J-factors were determined by fusion of
ca. 6 flux monitor single crystals from equally spaced radial positions around the
irradiation tray to a precision of 0.50 to 0.54 %. Furnace and laser sensitivity values as
well as mass discrimination values for different runs were determined by running a series
of airs and are given in Appendix 3, Supplementary Table 14. Correction factors for
interfering reactions were determined from analysis of K-glass and CaF2. Samples were
typically run in batches of 6-15 samples and zero-aged basalt was fully fused in the
furnace prior to each batch to insure that un-fused material left in the furnace was fully
degassed.
Similar samples from Grand Canyon’s intracanyon lava flows inconsistently
produced very large 40Ar signals at low temperatures which dramatically affected blank
values (Karlstrom et al., 2007). For example their LP01-177-01 samples produced a 300
nA 40Ar signal equivalent to ca. 6x10-11 moles of gas, over four orders of magnitude more
gas than the average blank value of 1.7x10-15 moles. In order to avoid this problem and
keep blank values low we pumped the gas produced during the first low temperature step
(550° C or 2 W) of each analysis out roughing lines. Although this gas is lost in the
progress and can’t be analyzed, Karlstrom et al. (2007) found that for Grand Canyon
samples the initial low temperature steps typically had low radiogenic yields (0-10 %)
indicating that the lost gas is mostly atmospheric.
Accurate dating of young low-potassium rocks, such as Quaternary basalts, is
analytically difficult as the amount of gas produced during step-heating can be only
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nominally greater than the machine’s background values. Because of this the way in
which background values are extrapolated in between measured blanks can have large
effects on plateau-ages. This is especially true for samples with small signals. To better
understand the control blank treatment had on the ages reported here we calculated
plateau-ages for a subset of the samples using proceeding, bracketing and average blanks.
Although we did not see a consistent change in ages with blank treatment, ages changed
by up to 38 %, but always overlapped at 2 sigma.
X-ray Florescene (XRF) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Whole rock XRF and ICP-MS analyses were conducted at the GeoAnalytical Lab
at Washington State University. Powders were prepared from pea-sized picked chips in
agate and tungsten carbide shatter boxes, for ICP-MS and XRF respectively. Fused beads
were prepared at 1000° C using a dilithium tetraborate flux (2:1 sample to flux mix for
XRF and 1:1 for ICP-MS). XRF beads were then ground and refused before being
polished and loaded for analysis in a ThermoARL Advant'XP+ sequential X-ray
fluorescence spectrometer. Elemental concentrations for 29 major- and trace-elements
(Appendix 3, Supplementary Table 6) were determined by comparison to 9 USGS
standards and corrected for line interference and absorption effects. ICP-MS beads were
ground prior to dissolution with HNO2, HF, and HClO4 and analyzed on an Agilent 4500
ICP-MS for 27 elements (Appendix 3, Supplementary Table 7). Instrument drift was
corrected with Ry, In, and Re as internal standards. The CeO/Ce ratio was kept below
0.5% and oxide interferences were estimated using mixed-element solutions.
Standardization was accomplished by processing duplicates of in-house standards. All
REE plots were constructed using the chondritic normalizing factors of Taylor and
McClennan (1985).
GEOMORPHIC SIGNIFICANCE OF THE 159-MILE DIKES
Billingsley (2000) suggests that the presence of the 159-mile dikes on both sides of the
canyon indicates that the canyon was not carved below the base of the Supai, where the
lowest pyroclastic materials have been found, until 500 ka. He suggests that if the canyon
had been carved it would have been almost completely filled with basalt from the dikes,
for which there is no evidence. If correct, this would imply 500 m of bedrock incision in
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ca. 500 ka, and an incision rate of 1000 m/Ma. Such a high rate is unreasonable as
incision rates of about 150 m/Ma over approximately the same time period have been
independently determined by dating perched river gravels downstream and upstream
from RM 159 at multiple locations (Karlstrom et al., 2008; Karlstrom et al., 2007;
Pederson et al., 2002). For example gravels under the 492 ka Toroweap A flow, in the
footwall of the Toroweap fault 32 km from the 159-mile dikes, are only 60 m above
modern river level indicating that the Colorado River had incised to within a few 10s of
m of its current level by 500 ka. To rectify the incision data with the 159-mile dike’s field
relationships we suggest that the dike was emplaced while the canyon was about 95% of
its current depth. We suggest that magma migrated laterally, along joint systems, flowing
into Grand Canyon from both sides. Rapid solidification of the relatively thin dikes could
have occurred near the surface with only minor eruptions into Grand Canyon. Subaerial
pyroclastic material is not necessarily expected to have been preserved in this case as the
extrusive products may not have been extensive and were almost certainly removed
quickly, if they existed, as the main 159-mile dike outcrop occurs along sheer cliffs of
Paleozoic limestones. Field observations (made in 1970s by Robert Young) of thin
modern basaltic dikes in the Kilauea summit area, Hawaii, support the idea that dikes can
be emplaced across significant relief. These still hot dikes were observed after having cut
across ca. 100 m of preexisting relief with little if any basalt extrusion along the dike
(Supplementary Figure 13. Photo from the Kilauea summit area, Hawaii showing a thin
modern dike emplaced across significant relief of >80 m (Photo by Richard Young).
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Supplementary Figure 4. REE signatures from duplicate analyses from this study (A) and Fenton et al., 2004
(C). B, D, E and F compare results from this study and Fenton et al., 2004.
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Supplementary Figure 5. Spectra for all successful new 40Ar/39Ar ages.
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Supplementary Figure 6. Isochrons for all successful new 40Ar/39Ar ages.
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Supplementary Figure 7. Sketch (A) and photo (B) of the High Remnant showing sample locations and internal
structure.
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Supplementary Figure 8. Photos of the 159-mile dike showing its texture (A) and field context (B).
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Supplementary Figure 9. Photography taken near RM 189.4L showing the reworked cinders and lenses of
sediment at the base of the Whitmore flows.
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Supplementary Figure 10. Photo near RM 189L showing reworked cinders that grade into Basaltic River
Gravels below the Lower Whitmore flow.
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Supplementary Figure 11. Photo from near RM 189.4L of gravels under the Lower Whitmore flows.
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Supplementary Figure 12. Photos of the 180.8-mile flow showing a zone of hyaloclastite (B) and peperite (C)
indicating lava-water interactions.
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Supplementary Figure 13. Photo from the Kilauea summit area, Hawaii showing a thin modern dike emplaced
across significant relief of >80 m (Photo by Richard Young).
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Supplementary Table 6. XRF results
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Supplementary Table 7. ICP-MS data
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Supplementary Table 8. XRF dup same sample
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Supplementary Table 9. XRF dup same remnant
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Supplementary Table 10. ICPMS dup same sample
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Supplementary Table 11. ICPMS dup same remnant
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Supplementary Table 12. ICP-MS dup same sample Fenton
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Supplementary Table 13. Argon data tables
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Supplementary Table 14. Argon values
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APPENDIX 4: SUPPLEMENTARY MATERIAL FOR CHAPTER 4
METHODS
50-70 mg of calcite powder was micro drilled from laminations within the
travertine samples and mixed with a 229Th-233U-236U spike after dissolution in HNO3.
U and Th were separated using conventional anion exchange chromatography. U and Th
isotopes were measured using a Thermo Neptune multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS) at the University of New Mexico which was
optimized for U-series analytical work as described by (Asmerom et al., 2006). 234U was
typically measured on a secondary electron multiplier (SEM) with high abundance filter,
while the other isotopes of uranium were measured on Faraday cups. Mass fractionation
was monitored using the 236U/233U ratio, while SEM/Faraday gain was set using
sample standard bracketing. A similar procedure was used for Th isotope measurements
with 230Th measured in the SEM and 229Th and 232Th measured in Faraday cups.
When U/Th analyses indicated that samples were outside of the maximum age
(about 550 ka) resolvable by the technique, 234U model ages were calculated. Analysis
of initial δ234U values from successful U/Th ages indicates that different geographic
areas have distinct ranges of initial δ234U value (Appendix4, Supplementary Figure 15).
Model ages were assumed to be greater than 550 ka, as samples younger than that cut off
should give U/Th ages.
For cosmogenic burial ages, an amalgamation of several crushed quartzite clasts
or sand from the deposit was processed together as described by Granger and Muzikar
(2001) and analyzed for 26Al and 10Be by Accelerator Mass Spectrometry at the Purdue
Rare Isotope Measurement Laboratory at the University of Perdue.
ELVES CHASM
Elves Chasm, at RM 117, is the site of one of the largest travertine accumulations
in Grand Canyon; 250 m high travertine cliffs are present on the south side of the river
there for ~ 1 RM. At the downstream-most end of those cliffs bedrock straths below the
travertine are present at heights to 35 to 201 m above river level. The heights and ages of
16 dated samples are shown in Appendix 4, Supplementary Figure 14. Gray squares in
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Appendix 4, Supplementary Figure 14 are from detrital blocks and the rest (white
squares) are from interstitial travertine between gravel clasts. Dating of both coatings and
detrital travertine blocks within the 48 m terrace yielded ages that are with in error of
each other (563

49
36

and 571

59
42

ka, respectively), tightly constraining the age of the

deposit and yielding an incision rate of about 125 ± 8 m/Ma. Linear regression through
the oldest ages on infilling and youngest detrital blocks suggests a steady incison rate of
about 133 m/Ma over the last 1.5 Ma (Appendix 4, Supplementary Figure 14). The yintercept of regression line can also be used to cross check the linear fit. In this case the
calculated depth to bedrock of 28 m is consistent with previous estimates of ~20 m.
TANNER
At Tanner Canyon (RM 69), a multi-level strath is overlain by travertine-cemented gravel
at heights of 9 to 85 m above river level. Appendix 4, Supplementary Figure 14 shows
the heights and ages of the dated strath levels. No detrital travertine was found at this
location, hence ages are considered minima. Strath-to-strath comparison suggests an
incision rate of 120 m/Ma over the last 400 ka (see diamonds on Appendix 4,
Supplementary Figure 14). However this result is controlled by a single age on the 9 m
terrace which is mostly overlain by colluvium. Because the alluvial strath had to be
below this level at time the colluvium was deposited, this rate is considered a minimum.
The y-intercept of the regression line suggests bedrock is only ~5 m below river level,
less than the average water depth of ~6 m, supporting the interpretation of this rate as a
minimum rate.
PALISADES
At Palisades Creek (RM 65), at least 6 strath heights have been mapped mostly on
the south side of the river. Three of those straths have been dated via U/Th dating of
travertine coatings around clasts. Strath-to-strath comparison using the oldest ages
obtained at any given level suggests an incision rate of 144 m/Ma over the last 500 ka
(see triangles on Appendix 4, Supplementary Figure 14). This rate is also interpreted as a
minimum rate based on the y-intercept of -5 m in a reach with known average water
depth of about 8 m.
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KWAGUNT
Across from Kwagunt Creek (RM 56), the ages of three terraces have been dated
using U/Th dating of travertine infillings around gravel clasts (Pederson, Karlstrom, et
al., 2002; Pederson et al., 2006; Karlstrom et al., 2007). Here we report a new U/Th age
on a detrital block from the highest 33.5 m strath level. The new age on the detrital clast
of 396

29
24

ka is statistically indistinguishable from the previous 385±14 ka age on an

infilling around gravel clasts, tightly constraining the age of gravel deposition. Strath-tostrath comparison using this new result and the oldest infilling ages from lower strath
levels yields an incision rate of 138 m/Ma over the last 400 ka (see circles on Appendix
4, Supplementary Figure 14). This rate is interpreted to be robust as the y-intercept of 22
m is in good agreement with the previous depth to bedrock estimates of ~20 m.
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Supplementary Table 15. U/Th data for Grand Canyon travertines
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Supplementary Figure 14. Plot of the height of dated straths versus their age for 4 locations in eastern Grand
Canyon. The slope of each line gives the incision rate and the y-intercept the bedrock strath using the points
with black dots. Kwagunt infilling data from Pederson et al. (2002; 2006). The x-axis error bars reflect the
precision of the geochronology and the vertical bar shows the height of the sample above the strath.
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Supplementary Figure 15. Graph showing how δ234Ui vary with U concentration and from area to area. The
range in values at a given location was used to calculate 234U model ages.
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Supplementary Figure 16. Longitudinal river profile showing the incision rate variations through Grand
Canyon. Incision rate vectors are scaled such that they show the amount of incision that would have taken place
in 6 Ma if rates were steady over that time period. New incision rates presented in this paper are outlined in
white. The dashed line shows the long-wavelength spatial variations in incision rates through Grand Canyon.
Shorter wavelength variations are due to fault related flexures associated with Quaternary normal faults.
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Supplementary Figure 17. Photograph of dated gravels under the landslide at RM 136.9. Cosmogenic date of
978 ± 287 ka was obtained from analysis of river sand located under the overhang pictured.
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Supplementary Figure 18. Photograph of dated gravels under the landslide at RM 135. Cosmogenic date of 940
± 240 ka was obtained from analysis of quartzite clasts at the base of the paleo channel.
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Supplementary Figure 19. Photograph showing the dated Elves Chasm sample locations. 136.2 mile sample are
not shown and were sampled about a half mile upstream on river right.
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Supplementary Figure 20. Photograph showing the dated Tanner sample locations.
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