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BIRTH AND EVOLUTION OF THE VIRGIN RIVER FLUVIAL SYSTEM: ~1 

KM OF POST-5 MA UPLIFT OF THE WESTERN COLORADO PLATEAU 

By 

Cory Walk 

B.S., Geology, Brigham Young University – Idaho, 2015 

M.S., Earth and Planetary Sciences, University of New Mexico, 2018 

ABSTRACT 

The uplift history of the Colorado Plateau has been debated for over a century 

with still no unified hypotheses for the cause, timing, and rate of uplift. 40Ar/39Ar dating 

of semi-continuous basaltic volcanism over the past ~6 Ma within the Virgin River 

drainage system, southwest Utah and southern Nevada, provides a way to calibrate 

differential river incision and compare patterns of basaltic migration, mantle velocity 

structure, channel steepness, lithology, incision history and the birth and evolution of the 

Virgin River. 

New detrital sanidine ages constrain the arrival of the Virgin River across the 

Virgin Mountains to a maximum depositional age of 5.9 Ma. Incision magnitudes and 

rates of the Virgin River show a stair-step increase in bedrock incision as the river 

crosses multiple N-S trending normal faults. Average calculated rates are 23 m/Ma in the 

Lake Mead block, 85 m/Ma in the combined St. George and Hurricane blocks, and 338 

m/Ma in the Zion block. Block-to-block differential incision adds cumulatively such that 

the Zion block has been deeply incised ~1 km (~315 m/Ma) over 3.6 Ma relative to the 

Colorado River confluence. We test two hypotheses: 1) observed differential incision 

magnitudes and rates along the Virgin River system are a measure of mantle-driven 
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differential uplift of the Colorado Plateau relative to sea level over the past ~5 Ma. 2) 

Observed differential river incision relates to river integration across previously uplifted 

topography and differential rock types with no post 5 Ma uplift. 

Strong correlations exist between high channel steepness (ksn) and low mantle 

velocities throughout the Virgin River drainage while weaker correlations exist between 

high ksn and resistant lithologies. Basaltic volcanism, which has migrated at a rate of ~18 

km/Ma parallel to the Virgin River between ~13 and 0.5 Ma suggests a possible mantle-

driven mechanism for the combined observations of differential uplift across faults and 

additional young Colorado Plateau epeirogenic uplift tracked by headward river 

propagation. Thus, we interpret the Virgin River to be a < 4.5 Ma disequilibrium river 

system responding to ongoing upper mantle modification and related basalt extraction, 

which is driving ~ 1 km of young uplift of the western Colorado Plateau. 
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CRevolution 2 issue of the journal Geosphere. The author of this thesis, Cory Walk, was 
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detrital sanidine grains at New Mexico Geochronology Research Laboratory. Co-author 
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helped in reviews and constructive criticism.  
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INTRODUCTION 

The timing and processes of the Colorado Plateau (CP) uplift from sea level at 

70 Ma to its present 2 km average elevation, has been debated for over a century. CP 

uplift likely occurred in 3 stages: Laramide, mid-Tertiary, and post-10 Ma (Karlstrom et 

al., 2012), but the relative magnitudes of each uplift episode is debated. Neotectonic 

uplift (post-10 Ma) of the CP has been hypothesized based on differential incision 

studies of the Colorado River (CR) through Grand Canyon (Karlstrom et al., 2007; 

Karlstrom et al., 2008; Crow et al., 2014); although, the cause of this uplift is still in 

debate. Some hypothesize the influence of dynamic topography, or small-scale upper 

mantle convection due to lithospheric thinning and delamination as driving forces for 

uplift (Karlstrom et al., 2007; Karlstrom et al., 2008; Moucha et al., 2009; van Wijk et 

al., 2010; Crow et al., 2011; Levander et al., 2011; Karlstrom et al., 2012). Other young 

uplift mechanisms include isostatic rebound due to differential denudation in the past 

~10 Ma but this is likely a contributor rather than a primary driver for differential uplift 

(Lazear et al., 2013). Normal faults on the western boundary of CP are now envisioned 

to be upper crustal adjustments embedded in broader epeirogenic mantle-driven uplift 

(Crow et al., 2014) rather than being the direct mechanism for uplift (Karlstrom et al., 

2007; Karlstrom et al., 2008). Here we use the Virgin River fluvial system to test this 

hypothesis that the CP has been uplifted relative to sea level in the past 5 Ma.  

The Virgin River (VR) drainage system (Fig. 1) is an excellent laboratory to test 

the relationship between uplift and erosion, as its headwaters on the CP are at ~2.5 km 

elevation, about 2,275 m higher than its pre-dam (Hoover Dam) confluence with the CR  
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Figure 1. A) The Virgin River (VR) watershed including 11 major tributaries. Tributaries are 
colored in accordance with river profile groupings: Main stem Virgin River and its 2 forks (blue), 
CP-TZ Tributaries (red), and Basin and Range tributaries (purple). B) Inset map of the primary 
area of interest. Major N-S trending normal faults (Piedmont, Grand Wash, Washington, 
Hurricane, Sevier/Toroweap) separate the western margin of the Colorado Plateau into 4 major 
structural blocks: LMB – Lake Mead Block, SGB – St. George Block, HB – Hurricane Block, ZB 
– Zion Block. Other reference locations: ME – Mesquite, NV; SG – St. George, UT; HU – 
Hurricane, UT; CC – Cedar City, UT; PA – Panguitch, UT; MCJ – Mount Carmel Junction, UT; 
MM – Mormon Mesa; OA – Overton Arm; VG – Virgin Gorge; VM – Virgin Mountains; NL – 
Navajo Lake. White letters (A-S) show locations of major knickpoints (see Table 1). Values show 
displacement along faults with the timing in parentheses. Orange outline indicates the extent of the 
Muddy Creek Formation. 
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near Lake Mead in the Basin and Range (BR) province at 225 m. The common base level 

at the confluence of the CR and the VR since ~ 4 Ma that we document here, allows 

comparisons between Grand Canyon and Zion Plateau incision along two different major 

rivers that have carved impressive young canyons across the CP – BR boundary zone. 

Located in the desert landscape of southwestern Utah, the VR headwaters form at the 

confluence of two distinct tributaries, the North and East forks. North Fork VR begins 

north of Zion National Park, as water exits from a spring in cliffs of the Claron 

Formation, below Navajo Lake (Fig. 1). The North Fork flows south, forming the 

spectacular ‘Narrows’ of Zion National Park. The East Fork VR starts northeast of Zion 

National Park and flows south until turning west near Mt. Carmel Junction, UT. Deep, 

narrow, incised canyons form in the lower Navajo Sandstone about 15 km east of the 

confluence of the East and North Forks. The VR crosses Hurricane and Washington 

faults, enters the ~600 m deep Virgin River Gorge cut into Paleozoic carbonates about 20 

km southwest of St. George, UT, and joins the CR in what is now the Overton Arm of 

Lake Mead, with a pre-dam confluence elevation of 225 m (Birdseye, 1924).  

The primary purpose of this study is to reconstruct the birth and evolution of the 

Virgin River fluvial system. This includes the watershed evolution and its interaction 

with faulting, magmatism, and climate for the past 5 Ma. Within this overarching 

purpose, we test two end member hypotheses that may explain the differential incision 

rates observed by many studies along the western margin of the CP (Hamblin et al., 1981; 

Willis and Biek, 2001; Crow, 2012; Crow et al., 2014). The first hypothesis considers 

post-5 Ma regional mantle-driven uplift as the primary cause for spatially variable 

incision rates. The alternate hypothesis posits no post-5 Ma regional uplift but instead 
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suggests  geomorphic conditions such as cyclic climate changes (Small and Anderson, 

1998; Molnar, 2004; Chapin, 2008) and/or variable strength rock type (Pederson and 

Tressler, 2012; Bursztyn et al., 2015) are the primary factors needed to explain the 

observed differential incision and/or variable channel gradients. This secondary end 

member hypothesis infers that the high relief canyons may be the product of lake spill-

over (Meek and Douglass, 2001) across a previously uplifted CP (Pederson et al., 2002). 

This would have allowed CP drainage to respond to the lowered base level of the Gulf of 

California by driving canyon incision at the edge of the CP (Pelletier, 2010; Pederson et 

al., 2013), perhaps creating transient knickpoints (Cook et al., 2009). Therefore, this 

study seeks to evaluate primary versus contributing drivers of differential incision along 

the western CP margin. 

This study also consists of 3 primary goals that contribute to the VR story. The 

first goal of this paper is to identify the birth of the VR. The birth of the through-going 

VR (integration of a major river draining from the CP to near its present base level) has 

been interpreted to be ~6 to 4 Ma based on studies of the VR depression filled with the 

fluvial upper Muddy Creek Formation (Williams, 1996; Dickinson et al., 2014). These 

interpreted ages are tested in this paper using detrital sanidine dating to search for young 

grains representing a maximum depositional age of the first-arriving far-traveled gravels 

in the upper Muddy Creek Formation. Lower Muddy Creek Formation sediments are 

fine-grained and are interpreted to record low energy internal drainage in the Mesquite 

and Mormon (Virgin River Depression; Fig. 1) basins before major rivers entered from 

the CP (Pederson, 2008; Muntean, 2012). The upper Muddy Creek Formation contains 

gravel clasts interpreted to represent the arrival of the paleo Virgin River across the 
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topographic divide formed by the basement-cored Virgin Mountains (Fig. 1; Williams, 

1996; Swenberg, 2012). A paleo Grand Wash tributary flowing south into the CR, 

perhaps from the St. George, UT area (Fig. 1), is also examined in terms of its rounded 

far-traveled clasts from relatively high energy streams observed beneath the 4.71 Ma 

basalts of the Grand Wash trough (Beard et al., 2007; Howard et al., 2010; this study). 

A second goal of this paper is to reconstruct the evolution of deep canyons and 

incision history of the VR drainage system. This area is ideal to test and quantify the 

hypothesized neotectonic uplift of the CP because of the nearly continuous record of late 

Cenozoic basaltic volcanism ranging from 14.19 to 0.12 Ma (Fig. 2) that allows for 

accurate dating of paleoriver deposits and ancient landscapes. Our goal is to evaluate 

when the CP’s ~2 km modern elevation, and its high relief river gorges formed. This 

study builds on and extends similar studies by Hamblin et al. (1981), Willis and Biek 

(2001) and Crow (2012). We also build on recent work supporting the “young” canyon 

hypothesis (c.f. Wernicke 2010) as proposed by Karlstrom et al. (2014), Darling and 

Whipple (2015), and Winn et al. (2017). 

The concept that differential incision of major river systems can be used to 

better quantify magnitude, duration, history, and mechanisms of tectonic uplift has been 

used in many orogens (Tibetan Plateau – Clark et al., 2005; Schoenbohm et al., 2006; 

Seong et al., 2008; Ouimet et al., 2010; Andean Plateau – Schildgen et al., 2007; 

Pyrenees – Calvet et al., 2015). This concept relies on studies of major rivers that show 

that concave-up equilibrium profiles are achieved rapidly after river integration 

(Pazzaglia et al., 1998), km-scale relief generation implies young base level fall/ 

headwater uplift (Donahue et al., 2013; Schmidt et al, 2015), and incision patterns and 
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river profiles are sensitive gauges of river evolution (Kirby and Whipple, 2001) and  

  

Figure 2. An age distribution 
plot of all dated basalt flows 
within the eastern lobe of the 
Virgin River drainage system and 
the Lake Mead area (Appendix 
A). Errors are plotted to 2σ. Note 
the large amount of flows with 
ages <1.5 Ma and fewer flows 
>1.5 Ma. Dot colors represent 
dating method for each basalt: 
red (•) – K/Ar, blue (•) – 
40

Ar/
39

Ar, and black (•) – 
14

C of 
wood burned by Santa Clara lava 
flow. 
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geomorphic processes (Darling and Whipple, 2015). We make the implicit assumption 

that differential incision is equal to differential uplift due to several qualifying 

characteristics of the Virgin River fluvial system. First, Howard et al. (2015) show that 

the Colorado River profile (Virgin River baselevel) was graded to a Pliocene sea level 

since 4.5 Ma. They suggest downstream subsidence or baselevel drop could not be a 

major driver of the observed incision. Second, basalt flows entering paleodrainages 

allow for incision rates to be calculated back to ~6 Ma. This timescale causes any 

potential effect of climate cycles to be averaged out and ultimately viewed as an 

overprinting as opposed to a major driver of observed incision. Third, our measured 

incision rates are quasi-steady with no indication of transient knickpoints allowing for 

the assumption that differential incision is driven by differential uplift.  

A third goal is to understand temporal and spatial relationships between incision 

and the locus of basaltic volcanism to help evaluate mechanisms of uplift. Some papers 

have hypothesized young and ongoing mantle-driven CP uplift, but proposed 

mechanisms have differed from: edge-driven upper mantle convection driving uplift (van 

Wijk et al., 2010), asthenospheric upwelling and buoyancy change driving uplift 

(Karlstrom et al., 2008; Crow et al., 2014), delamination of lithosphere and 

asthenospheric return flow around the Escalante anomaly (Levander et al., 2011), and 

whole mantle flow driving dynamic topography (Moucha et al., 2009). The observed 

west-to-east sweep of basaltic magmatism may be an indication of timing and nature of 

mantle convection below this region (Best et al., 1980; Wenrich et al., 1995; Nelson and 

Tingey, 1997; Roy et al., 2009; Crow et al., 2011).  

The mainstem CR and its major tributary, the VR, are comparable in the sense 
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that they both have been documented to generate km scale relief in the past ~5 Ma (Winn 

et al., 2017; this study) and they both flow across the CP-BR transition zone. Therefore, 

empirical data measured within both drainage systems can be compared to determine 

whether CP uplift accompanied or pre-dated carving of adjacent high relief canyons 

(Grand Canyon and VR Gorge). We test the two end member hypotheses, both spatially 

and temporally, by comparing acquired datasets such as normalized channel steepness 

(ksn), variable rock strengths (Bursztyn et al. 2015), and mantle velocities at 80 km depth 

(Schmandt and Humphreys, 2010). Potential evidence or observations that would support 

(or weaken) the mantle-driven uplift hypothesis are as follows. Temporally steady but 

spatially variable bedrock incision rates would suggest persistent external uplift forcings 

rather than, for example temporally unsteady incision rates that might result from 

transient knickpoints along the entire profile that record climate change, geomorphic 

events, or downstream baselevel fall/subsidence. A spatial correlation between low 

mantle velocities and increased channel steepness (ksn) would suggest that increased 

channel steepness might be the result of mantle-driven uplift. In contrast, spatial 

correlation between hard rock type and greater channel steepness would suggest bedrock 

controls on differential incision. The area is large enough that variable climate conditions 

represented by different precipitation amounts also needs to be examined as a possible 

factor influencing differential incision. 

We present and evaluate several datasets. 1) Nested river profiles of the VR and 

its major tributaries and knickpoints provide information about relationships between 

topography, faults, rock type, and other features that may help explain profile geometry 

(Table 1, Fig. 3). 2) The near continuum of 40Ar/39Ar and K/Ar dated basaltic volcanism  
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  Figure 3. A) Longitudinal river profiles of the Virgin River and 11 major tributaries: 
WRW – White River Wash, MVW – Meadow Valley Wash, BDW – Beaver Dam 
Wash, SC – Santa Clara River, FPW – Fort Pearce Wash, AC – Ash Creek, LC – La 
Verkin Creek, NC – North Creek, DC – Deep Creek, NF – North Fork Virgin River, 
and EF – East Fork Virgin River. B) main-stem Virgin River profiles and knickpoints 
(A-I; Table 1). Locations of knickpoints can be seen in map view in figure 1. C) Virgin 
River tributary profiles that contain identified knickpoints (J-S; Table 1). Profile data 
was extracted from 10m resolution USGS digital elevation models using ArcGIS. 
Distances are calculated from the historic (pre-dam) confluence of the Virgin and 
Colorado Rivers (Birdseye, 1924). 
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From ca. 15 Ma to present (Fig. 2) provides timing constraints to evaluate differential 

river incision (e.g. in areas where basalts overlie river gravels) and to test a potential 

sweep of ages that may indicate relationships between mantle melting, locus of 

volcanism, and surface responses (Appendix A). 3) ~100 new calculated incision rates 

are presented in the context of a synthesis of published incision rates (Hamblin et al., 

1981; Willis and Biek, 2001; Hayden and Sable, 2008; Crow, 2012) to provide a 

complete differential incisional history of the VR and its tributaries (Appendix B). 4) 

Correlations among normalized river steepness (ksn; Kirby and Whipple, 2012), incision 

rate and magnitude data, upper mantle tomographic data (Schmandt and Humphreys, 

2010), rock type, and precipitation are used to attempt to discriminate possible deep and 

shallow (rock type) controls on river evolution. 5) A sediment provenance analysis using 

detrital zircons and detrital sanidines of ancestral Virgin River gravels is used to help date 

the birth of the VR system and examine its provenance (Appendix C).  

GEOLOGIC BACKGROUND 

Compressional forces of the Sevier and Laramide orogenies followed by BR 

extension established the present physiographic framework of the VR region by ~ 17 

Ma. Best et al. (1980) and Wenrich et al. (1995) observed an eastward propagating 

sweep of basaltic volcanism in which basalts get younger and also become more 

asthenospheric in Nd composition to the east (Crow et al., 2011). The combined data 

have been interpreted to mean that the CP lithosphere is being thinned and replaced by 

asthenosphere as North America moves SW (absolute velocity) over warm mantle. This 

has been envisioned as the East Pacific Rise mantle domain by Moucha et al. (2009), 

edge-driven convection around the CP margin (Karlstrom et al., 2008; van Wijk et al., 
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2010; Crow et al., 2011), or lithospheric delamination tectonism and its surface response 

(Levander et al., 2011).  

Similar to magmatism, normal faulting is propagating eastward from the BR into 

the CP (Pearthree, 1998; Karlstrom et al., 2007). Similarly, the Wasatch fault system 

that forms the western CP boundary to the north transitions southward into several faults 

that represent a southward continuation of the intermountain seismic zone (Smith and 

Arabasz, 1991), termed the Utah Transition Zone (Wannamaker et al., 2001). The 

Sevier/Toroweap and Hurricane faults act as the western neotectonic boundary of the CP 

with older (~ 17 Ma; Faulds et al., 2001) normal faults of the Grand Wash fault zone 

forming the physiographic western boundary of the CP (Brumbaugh, 1987). The ~90 km 

distance between the Grand Wash and Sevier/Toroweap faults represents a transition 

zone between the BR and CP provinces (Fig. 1). The Sevier fault zone within the Virgin 

River drainage system links to Toroweap and Aubrey faults to the south to form the 

easternmost edge of BR extension. This fault system extends ~250 km from south of 

Grand Canyon northward to Panguitch, UT. Displacement along the fault increases 

northward and ranges from ~300 m in northern Arizona near Grand Canyon (Pearthree, 

1998) to 450 m near Mt. Carmel Junction, UT where the East Fork Virgin River turns 

west, and 900 m at its northernmost segment (Anderson and Christenson, 1989). The 

initiation of faulting is poorly dated but early estimates are 15-12 Ma (Davis, 1999) in 

the northernmost section of the fault trace. Using this age and the average 

displacements, calculated slip rates range from 20 to 75 m/Ma. This would be much 

lower than other large Basin and Range style normal faults in this region (Lund et al., 

2008) and therefore this assigned age is probably an overestimate. Also, the southern 
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segments of the Sevier/Toroweap fault appears to be among the most active and 

youngest (3-2 Ma) of the west dipping, western CP bounding, normal faults (Jackson, 

1990; summarized in Karlstrom et al., 2008).  

The Hurricane fault zone spans 250 km, similar to the Sevier fault zone, and 

extends from Grand Canyon in the south (Karlstrom et al., 2007) to Cedar City, UT in the 

north (Fig. 1). Although segmented into complex seismogenic zones, total stratigraphic 

separation generally increases to the north. The southernmost segment is displaced 250-

400 m at the Colorado River in Grand Canyon (Karlstrom et al., 2007) and up to 2450 m 

at the northern segment near Cedar City, UT (Biek et al., 2010). Initiation of northern 

segments of Hurricane fault began ~10 Ma based on the age of basalts near Cedar City, 

UT (Rowley et al., 2006). Importantly for this study, initiation of southern segments of 

the Hurricane fault began no earlier than 3.6 Ma based on equivalent displacement of the 

3.6 Ma Bundyville basalt flow with total throw of underlying Mesozoic strata in northern 

Arizona (Billingsley and Workman, 2000). The segmented nature of the Hurricane fault 

allows for differential slip rates along its 250 km length. Quaternary slip rates calculated 

from displaced basalt flows across the fault trace decrease to the south ranging from 530 

m/Ma in the last 0.63 Ma near Cedar City, Utah (Lund et al., 2001) to 70-80 m/Ma in the 

last ~0.2 Ma near Grand Canyon (Fenton et al., 2001; Karlstrom et al., 2007). Lund et al. 

(2001) calculated an average slip rate of 210 m/Ma where the Virgin River crosses the 

Hurricane fault. The slip rates calculated by Lund et al. (2001) are similar to Quaternary 

incision rates calculated in this paper. Average incision rates of the 5 northernmost 

incision data points along Black Ridge (south of Cedar City) is 533 m/Ma while slip rates 

are estimated between 530 and 570 m/Ma at that location (Lund et al., 2001). Average 
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incision rates calculated in this paper near the southern segments of the Hurricane fault is 

50 m/Ma along Fort Pearce Wash while slip rates are estimated at 80 m/Ma (Fenton et al., 

2001). 

Washington fault, located ~20 km west of Hurricane fault, spans ~120 km from 

St. George, Utah down into northern Arizona (Fig. 1). Displacement along the 

Washington fault decreases northward, as slip on the Hurricane fault increases 

northward, and ranges from 600 meters in northern Arizona to only 200 meters in its 

northernmost extent (Biek et al., 2010). Displacement shows activity as young as 0.18 

Ma along the Washington fault near St. George, UT (Fig. 1; Biek et al., 2010).  

The Grand Wash fault system, located ~30 km west of Washington fault, forms 

the easternmost physiographic boundary of the BR province (Fig. 1). Displacement 

decreases to the north ranging from 3000 meters at Grand Canyon (Lucchitta, 1979) to 

1,100 meters at the Virgin Gorge near the northern Arizona border (Billingsley and 

Workman, 2000). Activity on Grand Wash fault near Grand Canyon occurred from 17 to 

11 Ma (Lucchitta, 1979; Bohannon et al., 1993; Faulds et al., 2001; Beard et al., 2007) 

with the majority of slip at 17-15 Ma (Fitzgerald et al., 1991; Reiners et al., 2000; 

Fitzgerald et al., 2009; Quigley et al., 2010). The Piedmont fault lies just west of the 

Grand Wash fault and acts as the eastern boundary of the Virgin River Depression (Fig. 

1). Bohannon (1993) uses seismic reflection data to record ~12 km of down-dip 

displacement along the fault making the adjacent Mesquite basin the deepest basin in the 

region. The Piedmont fault was active from 13-10 Ma but is also suggested to have been 

active during deposition of the Muddy Creek formation (11-4 Ma) and into the 

Quaternary (Moore, 1972; Bohannon, 1993). Using a 13 Ma age of initiation and 12 km 
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of displacement gives an approximate slip rate of 900 m/Ma, which resulted in 

significant isostatic footwall uplift of the Virgin Mountains (Wernicke and Axen, 1988).  

Hamblin et al. (1981) first proposed calculating differential incision across the 

Hurricane fault as a measure of CP tectonic uplift; he calculated a differential uplift of 

364 m/Ma across the Grand Wash and Hurricane faults using 4 incision points. Willis 

and Biek (2001) had a more constricted study area but added new 40Ar/39Ar ages of 

basalts and 12 new incision points along the Virgin River and found 307 m/Ma of 

differential uplift across the Hurricane and Washington faults. Others have performed 

similar analyses in the Grand Canyon (Pederson et al., 2002; Karlstrom et al., 2007; 

2008; Crow et al., 2014) to quantify differential neotectonic uplift. Howard et al. (2015) 

made the case that the CR was graded to near sea level by 4.5 Ma, with major 

aggradation of Bullhead gravels from 4.5-3.5 Ma (Howard et al., 2015; Crow et al., 

2016). This reinforces the concept that differential incision along the CR system and 

major tributaries like the VR can be used to infer uplift of the CP (Lucchitta, 1979; 

Karlstrom et al., 2007; Karlstrom et al., 2008). 

The birth of the VR drainage system is defined here as the age of arrival of the 

first coarse-grained, far traveled gravels to appear in the Mesquite Basin (eastern basin 

adjacent to the Piedmont Fault within the Virgin River Depression, Fig. 1). These well-

rounded river gravels are identified as the upper Muddy Creek Formation. The VR 

arrival was pre-dated by deposition of the lower Muddy Creek Formation, located west 

of the Grand Wash fault, which generally consists of locally derived, fine-grained, 

basin-fill deposits ranging in age from 11-4 Ma. The location and age of this formation 

makes it a primary target for a provenance analysis that can shed light on the birth of the 
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Virgin River. Williams (1996) mapped a sharp contact of well-rounded gravels and 

cobbles above fine-grained sands of the Muddy Creek Formation. He interpreted this to 

represent a rapid arrival of an ancestral VR across the Virgin Mountains, which he 

considered to have been a previous drainage divide. Swenburg (2012) found a similar 

outcrop of well-rounded, far-traveled gravels sharply above angular, locally derived 

gravels near the northernmost extent of Lake Mead. Pederson (2008), in agreement with 

Longwell (1928), performed petrographic analyses of fine-grained sand of lower Muddy 

Creek Formation and concluded that none of these sediments represented material 

derived from the CP and hence were not paleo-CR deposits. Instead, Pederson (2008) 

inferred that the source of the observed sediments were closely related to modern Virgin 

River sources. Muntean (2012) and Dickinson et al. (2014) performed provenance 

analyses and dated zircons found within 6-4 Ma Muddy Creek Formation deposits. The 

age constraints on this Muddy Creek stratigraphy come from two separate basalts that 

intrude (?) or are interbedded with interpreted first arriving Virgin River gravels (6.02 

Ma, Feuerbach et al., 1991; 4.1 Ma, Williams, 1996). The distribution of dated zircons 

were interpreted to provide evidence for the arrival of an ancestral river draining the CP 

across the Virgin Mountains at 6-4 Ma.  

METHODS  

Profile Analysis 

Longitudinal profiles of the VR and 10 of its major tributaries were extracted 

from 10m resolution digital elevation models (DEMs) using ArcGIS. Distances of river 

profiles were calculated starting at the historic (pre-dam) confluence of the VR and CR 
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as mapped by Birdseye (1924). Observation of knickpoints (oversteepened segments of 

the river profile) and varying stream gradients were quantified using Topotoolbox in 

MatLab to calculate normalized channel steepness values (ksn) from a USGS 30 meter 

digital elevation model (DEM) of the entire drainage basin. 10 meter DEMs were not 

used to calculate ksn values due to our limitations in computing power required. 

However, ksn values extracted from 30 m DEMs are deemed sufficient (Kirby and 

Whipple, 2012; Rosenberg et al., 2014) to compare relative steepness values from one 

tributary to another and to quantify reaches such as knickpoints that are oversteepened 

relative to their position along the river profile. 

ksn values give the gradient of the streambed normalized by the upstream area at 

each location along the channel: 

𝑘𝑘𝑠𝑠𝑠𝑠 = 𝑆𝑆

𝐴𝐴−𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟  ,                                                               (1) 

where S is the gradient, A is the upstream drainage basin area, and ϴref is the reference 

concavity index. This method uses upstream contributing area as a proxy for discharge 

so shallow gradients of large channels with high discharges can be compared to steeper 

gradients of headwater channels with lower discharges. Concavity is the measure of how 

gradient changes with respect to a changing drainage area. Reference concavities, 

average concavities within a region, are commonly used and range from 0.35-0.65 

(Wobus et al., 2006). We use a reference concavity index value of 0.45 (ϴref), as 

opposed to a concavity value calculated from the regression of raw slope-area data of 

the Virgin landscape, to allow for comparison of our ksn values to other basins with 

varying drainage areas (Kirby et al., 2003; Wobus et al., 2006; Kirby and Whipple, 
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2012; Rosenberg et al., 2014). The choice of this parameter does not strongly affect the 

comparisons we wish to make. To smooth out inconsistencies in stream segment 

elevations from cell-to-cell we use an average moving window of 1 km.  

Knickpoints were quantitatively identified by calculating the difference between 

average ksn values of upper and lower halves within 4, 10 and 20 km segments moving 

along the profile. We use different segment lengths to identify knickpoints at different 

scales. A knickpoint is identified if the difference between averaged upper and lower 

segments exceed 80 m0.9. This cutoff value was chosen because it identifies and best 

represents the observed knickpoints on the longitudinal river profiles but also identifies 

knickpoints that are not visibly apparent (Fig. 3). We use ksn values, instead of gradient, 

to take into consideration the concavity that is present in all river profiles as contributing 

drainage area, and discharge, increase downstream. Using gradient, instead of ksn, 

identifies false knickpoints at the headwaters of all tributaries due to the natural 

upstream increase in slope.  

To perform correlations among different datasets, data (ksn, gradient, mantle 

velocity, rock type, and annual precipitation) were collected at 1 km intervals along the 

entire drainage system. This study performs an analysis of the correlation between upper 

mantle velocity and ksn values along the Virgin River and its tributaries using 30-meter 

DEM instead of previously used 90-meter DEM (Crow, 2012). Low mantle velocities 

are suggestive of the presence of partial melt in buoyant and rheologically weaker and 

hotter mantle, which acts as a potential cause for uplift (Sine et al., 2008; Karlstrom et 

al., 2008; Schmandt and Humphreys, 2010). Rock type was also taken into consideration 

by classifying the rock type underlying each data point into slope and cliff forming 
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lithologies. The slope and cliff formers were identified based upon the unit descriptions 

found in geologic maps throughout the region (Billingsley and Workman, 2000; 

Billingsley and Wellmeyer, 2003; Sable and Herefore, 2004; Beard et al., 2007; 

Ludington et al., 2007; Biek et al., 2010). This study also compares average tensile 

strength measurements taken from the CR drainage (Bursztyn et al., 2015) and channel 

steepness within the VR drainage (this study). Bursztyn et al. (2015) provided average 

tensile strengths for seven formations (Navajo, Kayenta, Shinarump, Moenkopi, Kaibab, 

Esplanade, Redwall) found in common between the two drainages. Formation average 

tensile strengths measured along the CR were then compared to calculated formation 

average ksn data along the VR. This analysis assumes tensile rock strength of a particular 

formation is consistent across the region in adjacent drainages. The underlying mantle 

velocities at the same data point locations that overlie the 7 formations were also used to 

search for a correlation between mantle velocity and channel steepness. 

Magmatic Sweep 

Previously published 40Ar/39Ar and K/Ar basalt ages throughout the eastern VR 

drainage system were compiled into Appendix A. 40Ar/39Ar ages were recalibrated 

using a modern Fish Canyon Tuff standard age of 28.201 Ma (Kuiper et al., 2008) and a 

decay constant of 5.543e-10/a (Min et al., 2000). An age distribution plot (Fig. 2) 

produced from the compiled basalt ages shows frequent magmatism over the past 15 

Ma. An abundance of young (<1.5 Ma) low volume basalt flows in many places in 

southwestern Utah might obscure any trends in first arriving volcanism. Hence, we plot 

the age of initiation of basaltic magmatism in given sub-regions (similar to Crow et al., 

2011). We use the oldest vent located within a 0.5 x 0.5 degree grid for analysis of 
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migration direction and rates. Magmatic migration rates were calculated by measuring 

distances between volcanic sources (e.g. cinder cones, vents) and dividing these 

distances by the difference in age between flows. The Lovell Wash member basalt flow 

(13.3 Ma) is the oldest flow in the study area with a known vent location and is located 

in the southwestern corner of the study area (Fig. 1). This basalt flow is used as the 

location and age from which all distances to other vents are measured and elapsed time 

to other flows are calculated. Some basalt flows in this region are known to have flowed 

for many miles. Using a location that is miles away from the basalt source may skew 

the data; therefore, some basalt flows are not taken into consideration in this analysis if 

the source location is unknown. The average magmatic migration rate is calculated as 

the slope of the age-distance regression line fit to the data. 

Differential Incision 

Our incision measurements are designed to understand bedrock incision in the 

erosional landscape of the CP. Thus, in relation to Pederson et al. (2002) and Karlstrom 

et al. (2007) we calculate heights of bedrock straths above the modern river (as opposed 

to bedrock strath below the modern river) and use best age constraints (primarily basalt 

flow ages) on overlying river deposits to give average bedrock incision rates (in m/Ma). 

The differential incision hypothesis posits that differential incision can be explained in 

terms of uplift of the faster incising reach relative to the more slowly incising reach 

(Karlstrom et al., 2007; Karlstrom et al., 2008). Assumptions within this hypothesis and 

alternative explanations for differential incision are explored carefully and include: 1) 

steady incision versus knickpoint transience, 2) headwater uplift vs downstream 

subsidence 3) rock type controls, and 4) climatic variability. 
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Steady incision versus transient knickpoint migration is tested in reaches that have 

multiple ages and heights of paleochannels or terraces. Headwater uplift rather than 

baselevel fall is tested using the VR-CR confluence as the datum. Howard et al. (2015) 

suggest the Colorado River has been graded to sea level since 4.5 Ma such that we infer 

there has been no major downstream alteration of baselevel in the last 4.5 Ma and that 

headwater uplift has been a major driver of differential incision. To analyze rock type 

controls, we assume all unit descriptions that include “cliff forming” rock types represent 

resistant lithologies while “slope forming” rock types represent less resistant lithologies. 

Climate can influence incision both spatially and temporally. We assume that by 

observing bedrock incision at the million-year time scale we are able to average out 100 

ka glacial-interglacial cycles of incision and aggradation over the past 2.6 Ma. We use 

modern mean annual precipitation as a proxy for spatial variations in climate. We 

understand climate has changed through time and space; however, this is the best 

available dataset that can represent spatial variations at the scale of the Virgin River 

drainage. 

We use recalibrated K/Ar and 40Ar/39Ar ages of basalts that cap perched gravels 

of the ancestral VR to quantify ‘preferred’ incision rates (Appendix B). Other basalt 

flows have elongated and sinuous outcrop geometries indicating they flowed down 

paleo-drainages even if river gravels have not been mapped directly beneath the flow. 

We use bases of flows as data points to calculate ‘approximate’ incision rates. Each 

basalt flow tells a different story and all flows were analyzed independently when 

calculating incision rates. The majority of heights used in incision rate calculations for 

the VR and its tributaries were estimated from 1:24,000 scale quadrangle maps and 
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Google Earth while others were measured in the field using a laser range finder. 

Following the methods of Crow et al. (2014), heights measured from quadrangle maps 

and a laser range finder are given uncertainties of ±10 m and ±2 m, respectively. Heights 

at ‘preferred’ locations were measured from the top of the bedrock strath beneath the 

ancestral river gravels to the current river/tributary elevation to quantify bedrock 

incision. ‘Approximate’ rates from flows were measured from the contact between the 

basalt flow and the underlying bedrock to the current river/tributary elevation as used by 

Willis and Biek (2001; Grant Willis, personal communication, 2016).  

Averages of incision rates within structural blocks were calculated using the 

slope of a best-fit linear trendline among the incision points that lie ≥5 km away from 

major faults. Crow et al. (2014) estimated a distance of 10 km to be sufficient to 

eliminate differential incision observed along the Colorado River due to localized 

flexural influences (e.g. hanging wall anticline, footwall uplift) and more closely record 

regional block uplift amounts. Along the Virgin River, we observe a stabilization of 

incision rates ~5 km away from major faults. In the Zion block, decreased incision rates 

near the headwaters of VR tributaries were excluded from regional uplift calculations 

because these points represent geomorphic controls, as headwater reaches do not have 

sufficient stream power to fully incise and represent block uplift. A decrease in incision 

rates near headwaters is expected in all tributaries and is observed in Appendix D. One 

outlying data point along Fort Pearce Wash with an abnormally low incision rate 

(incision point 1, Appendix B) in comparison to other rates on the Zion Block was also 

excluded from the average block calculations. This point can potentially be explained by 

a lack of discharge/precipitation, lack of uplift, or some combination of the two 



23 
 

controlling factors. The St. George and Hurricane blocks were combined when 

calculating averages due to the lack of basalt flows that exist in the Hurricane block > 5 

km from any major fault. Only one flow exists in the Hurricane block that complies with 

these criteria and therefore a trendline could not be drawn to calculate the slope. 

Provenance Analysis 

        Understanding the source of ancestral VR gravels throughout its history as a major 

river system is key for understanding the evolution of the drainage system. Field 

observations of gravel clasts in Grand Wash Trough greatly influenced our 

understanding of a proposed model of the Virgin River evolution. We collected 3 

samples of first arriving ancestral VR gravels in the upper Muddy Creek Formation. 

Two of these samples are from locations that had previously been analyzed for detrital 

zircons (Forrester, 2009; Muntean, 2012; Dickinson et al., 2014) and by clast counts 

(Forrester, 2009; Muntean, 2012). 40Ar/39Ar dating of sanidine grains instead of zircons 

allows for much more precise ages and can help understand the exact source of ancestral 

river deposits. From these samples, sanidine grains were concentrated using heavy liquid 

mineral separation techniques and approximately 150 sanidine grains were handpicked 

from each density separate using index of refraction. Sanidine grains were distinguished 

from plutonic K-feldspar by their optical clarity and lack of twinning when viewed in 

spearmint oil. 40Ar/39Ar dating of individual sanidine grains was performed by single 

crystal laser fusion with a CO2 laser and was measured on an ARGUS VI noble gas 

mass spectrometer at the New Mexico Geochronology Research Center. Additional 

details can be found in Appendix C.  
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RESULTS  

Profile Analysis 

The nested longitudinal profile of the VR and its major tributaries are shown in 

Figure 3 and are divided into 3 unique groups of rivers: 1) main-stem VR (including 

Deep Creek and North and East Forks), 2) Colorado Plateau –Transition Zone tributaries, 

and 3) Basin and Range tributaries (Appendix E). These groups are described here and 

will be interpreted in terms of age and history, later in this paper.  

Nineteen knickpoints were identified throughout the VR drainage system (Figs. 1 

& 3). Once oversteepened reaches (knickpoints) are identified (Table 1), interpretation of 

their significance can be guided by correlations between knickpoint locations and 

possible controlling factors such as rock type, differential incision patterns and possible 

tectonic forcings such as faults (Ouimet et al., 2009). Crow (2012) noted a difference in 

average ksn values between Deep Creek (~130 m0.9) and East Fork (~90 m0.9) tributaries 

of the upper VR. We analyzed these and two additional tributaries, La Verkin Creek and 

Fort Pearce Wash, for possible spatial associations with climatic, rock type and tectonic 

parameters. Figure 4 shows the profiles color-coded for mean annual precipitation (Fig. 

4A). La Verkin Creek, Deep Creek and East Fork Virgin River are all south flowing 

tributaries sourced in higher elevation, wetter regions near Zion National Park and show 

similar precipitation amounts; Fort Pearce Wash drains the lower and dryer Hualapai 

Plateau on the south side of the mainstem VR. There is no observed correlation of higher 

normalized channel steepness with annual precipitation. Figure 4B shows changing 

lithology along the profiles in terms of rock erodibility as manifested by cliff forming 

versus slope forming rock types. More resistant cliff forming lithologies seem to be  
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Figure 4. Longitudinal river profiles of the Virgin River and 4 of its tributaries (after 
Crow, 2012) located on the Zion block with respect to A) mean annual precipitation, 
B) lithology, and C) underlying p-wave upper mantle velocities at a depth of 80 km. 
Note the lower gradient streams are underlain by higher velocities and steeper streams 
are underlain by lower velocities. 



26 
 

associated with knickpoints and steeper tributaries to some extent, but the difference in 

gradient between Deep Creek and East Fork is not readily explained by rock type as the 

same mixture of units occurs in both tributaries. Figure 4C shows possible tectonic 

forcings. Mantle velocity differs greatly below the steeper gradients of La Verkin Creek 

and Deep Creek, which are underlain by low velocity mantle, and the shallower gradients 

of Fort Pearce Wash and East Fork Virgin River, which are underlain by high velocity 

mantle.  

A regional “wedge” plot of Vp vs ksn along the main-stem Virgin River and the 

CP-TZ tributaries is shown in Figure 5A. Three separate trends can be regressed 

depending on how much credence is put on highest ksn, versus background, data. All 

three regressions show an increase in max ksn as mantle velocity decreases, similar to that 

shown by Crow et al. (2012). Highest ksn points reflect steepest portions of knickpoints as 

the VR and its tributaries cross major faults or lithologic contacts. The intermediate 

regression reflects steep reaches between knickpoints, and the background data show 

modest increase in channel steepness in areas above low velocity mantle.  Figure 5B 

considers lithologic erodibility and shows that, rather than high ksn values being 

associated with cliff forming bedrock, there is a wide range of ksn values in both slope 

and cliff forming rock types. Figure 5C also shows a lack of strong correlation between 

normalized channel steepness and annual precipitation amounts. A summary table of ksn 

values on the main-stem VR and the Colorado Plateau – Transition Zone tributaries (Fig. 

5D) shows that the average ksn in tributaries underlain by low velocity mantle (delta Vp  

< -1.9) is about 70% greater (100.85 m0.9) than the average ksn in areas underlain by high 

velocity mantle (delta Vp  > -1.89) where ksn averages 59.07 m0.9.  ksn is also higher in  
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Figure 5. A) Scatter plot showing correlations between calculated ksn values and p-wave 
upper mantle velocities at 80 km depth (after Crow, 2012). Data was collected from points 
every 1 km along the Virgin River and its tributaries within the eastern lobe of the watershed. 
B) Figure 5A with data points grouped by basic lithologic properties shows a wide range of ksn 
values exist within both cliff and slope forming rock types. C) Figure 5A with data points 
grouped by mean annual precipitation shows a wide range of ksn values exist within both high 
and low precipitation averages. D) A summary table showing average and median ksn values 
for each subset of data points along with the percent increase between upper and lower 
calculated values.  
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cliff forming (90.72 m0.9) versus slope forming (70.15 m0.9); however, this is only a 

~30% increase. Differences among areas of high precipitation (15-30 in/yr) and low 

precipitation (0-10 in/yr) show only a 5% increase from average ksn values of 82.18 m0.9 

and 77.37 m0.9, respectively. Therefore, correlations exist among all potential ksn controls 

within this analysis (e.g. mantle velocity, lithology, and precipitation); however, we see 

the largest correlation with mantle velocity. Figure 6A plots rock tensile strength from 

Bursztyn et al. (2015) against average ksn values for seven Paleozoic and Mesozoic units 

within the VR drainage and shows no correlation (R2 = 0.004). In contrast, Figure 6B 

shows a strong correlation (R2 = 0.98) between mantle velocity and ksn regionally when 

Vp is plotted against binned average ksn for different mantle velocities.  

 

 

  

Figure 6. A comparison of bedrock lithology and upper mantle velocities as a control on ksn. 
Data was used from the 7 formations found in common between study areas of Bursztyn et al. 
(2015) and this research. A) Formation average ksn of this research with respect to formation 

average tensile strengths of Bursztyn et al. (2015) give an R
2
 value of 0.004. B) Average ksn of 

0.25% binned upper mantle p-wave velocities give an R
2
 value of 0.981. This analysis 

assumes that average rock strength of a particular rock formation along the Colorado River is 
similar to average rock strength of the same formation along the Virgin River. 
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Magmatic Sweep 

          An analysis of ages and locations of basalt flows in northwestern Arizona, southern 

Nevada, and southwestern Utah shows a northeast-trending migration of Cenozoic 

volcanism (Fig. 7). Many flows have long run-outs along paleodrainages such that we 

plotted only vent locations. Contouring the oldest vent ages within each 0.5 x 0.5 degree 

grid shows a strong  northeastward younging trend (yellow stars) which is also seen when 

all known vent ages are plotted (red dots) (Appendix F). Best et al. (1980) and Wenrich et 

al. (1995) calculated a NE-migration rate of 12 km/Ma in western Grand Canyon. This 

study includes basalt flows throughout the Lake Mead area and the eastern lobe of the 

Virgin River drainage (SW Utah) to acquire newly calculated migration rates. Our 

migration rates calculated from all vent locations and oldest vent locations (first arriving 

flows) in each sub-region are higher and range from 15.8 to 17.8 km/Ma with R2 values 

of 0.738 and 0.965, respectively. 

Differential Incision 

          Incision rates vary spatially along the VR and its major tributaries at both local and 

regional scales (Appendix G). Small transient knickpoints may have swept through the 

drainage system throughout the last 5 Ma, however, our calculated incision rates show 

quasi-steady incision through time within each structural block. Figure 8 shows incision 

vectors along the profile scaled to rate (in m/Ma) for two time periods, 0.9-0.2 Ma and 4-

1 Ma. Even the short-term rates are averaged over 200 ka and hence span more than one 

glacial-interglacial oscillation such that we interpret them to reflect realistic estimates of 

bedrock incision (c.f. Karlstrom et al., 2013; Pederson et al., 2013). Variations in bedrock 

incision (differential incision) occurs dramatically at local scale, immediately across  
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Figure 7. A contour map of the oldest vent ages throughout the southeastern Virgin River 
drainage system showing the migration path of the onset of basaltic volcanism. The contours 
were generated using the ‘Topo to Raster’ interpolation method in ArcGIS. Red points 
represent locations of known basaltic vents while yellow stars represent the location of the 
oldest dated vent within each 0.5 x 0.5 degree grid. The white arrow shows the general 
migration path of the basalts based on the contours. Two plots used to calculate migration 
rates of all known sources and the oldest sources within each grid. The oldest sources within 
each grid are used to observe the onset of magmatism through time. Strong trends appear in 
all plots showing a strong general northeastward march of magmatism at ~18 km/Ma. 
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Figure 8. North Fork Virgin River profile with the substrate lithology as it flows across major 
normal faults. Gray line above the river profile represents the topography of the immediate 
landscape ~500 m from the river. Red and green arrows show intermediate (0.2-1.0 Ma) and 
long term incision rates (1.0-4.0 Ma), respectively. Numbers above each arrow correlate with 
the incision rate data point located in Appendix B. VRG—Virgin River Gorge; ZNP—Zion 
National Park; PF—Piedmont Fault; GWF—Grand Wash Fault; WF—Washington Fault; HF—
Hurricane Fault. 
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faults. For example, Volcano Mountain lava flow (0.353 Ma) was emplaced across the 

Hurricane fault and provides an excellent example of fault-dampened incision. Incision 

rates in the hanging wall near the Hurricane fault decrease from 110 m/Ma at 5 km west 

of the fault (incision point 64), to 0 m/Ma at the fault (incision point 105) over the same 

time period. We use the term ‘apparent’ incision rates when flexure near the fault appears 

to account for variation in incision rates. Our observations are compatible with Crow et 

al. (2014) who noted such variations due to fault-related flexure are greatest within 5-10 

km from the trace of the fault. Calculated incision rates of the same flow (Volcano 

Mountain) increase to 304 m/Ma on the upthrown footwall (incision point 106) directly 

east of the fault. But on the east side, the calculated incision rate of 304 m/Ma (incision 

point 106) is similar to the average regional block incision rates (338 m/Ma) of data 

points farther east, >5km away from the fault trace, suggesting limited footwall flexure 

where the VR crosses the Hurricane fault. In contrast, in La Verkin Creek tributary ~20 

km north of the VR, apparent incision rates along the footwall of the Hurricane fault 

increase to 782 m/Ma (incision point 66) suggesting substantial footwall flexure at this 

location.   

Given the large number of high quality incision points made possible by all the 

dated basalts in the Virgin River area (Appendix B), it is possible to separate out 

differences in average incision rate within blocks using only rates >5km away from major 

faults and regress these through time in each block (Fig. 9A). Average incision rates, 

excluding local fault related deformation and headwater erosion effects, show a regional 

increase in average incision rates eastward from block to block from 23 m/Ma in the 

Lake Mead block, to 85 m/Ma in the combined St. George and Hurricane block, to 338 
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m/Ma in the Zion block (Fig. 9B).  

 

 

  Figure 9. A 3D block model of the Virgin River as it flows across 4 structural blocks. Incision 
rates shown represent average incision rates of structural blocks within the Virgin drainage 
excluding data points within a 5 km distance to major faults. A) Data points used to calculate 
average incision of 3 blocks: Zion (Red), St. George and Hurricane combined (purple), and 
Lake Mead (green). Slope of trendlines were used as average incision rates. B) Simplified 
block diagram showing incision and epeirogenic uplift of each block.  
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Basalt paleoprofiles 

Basalts flowed into and preserved segments of paleodrainages that inform the 

evolution of the tributary system for the VR. Grand Wash drains the eastern Virgin 

Mountains to the CR and was filled with basalt at 4.71 Ma (Beard et al., 2007). Basalts 

overlie gravels that are well rounded, with clasts similar to those found in the upper 

Muddy Creek conglomerate in the Virgin Depression, including yellow and purple 

quartzites that resemble clasts from the Canaan Peak Formation (Goldstrand, 1992, 

1994). The paleoprofile of the Grand Wash basalts (Fig. 10) is quite similar to the present 

day profile of Grand Wash with a minor downstream divergence of the two profiles. 

However, Howard and Bohannon (2001) show that this basalt flow has been downfolded 

due to the formation of a hanging wall anticline along the Wheeler fault. This tributary 

incision rate, at incision points >5km away from the fault trace, varies from 11 m/Ma to 

23 m/Ma and is compatible with the Lake Mead block average rate of (23 m/Ma).  

The 3.7 Ma Black Rock Mountain basalt erupted from a vent near the divide 

between VR and paleo Grand Wash. It flowed northward into Virgin Gorge and 

southward into Grand Wash Trough in the hangingwall of Grand Wash fault (Fig. 11). 

The two profiles of Figure 11B compare north and south paleodrainages taken from the 

basalt flow and the nearest modern drainages. The profiles generally form concave up 

longitudinal profiles and the paleodivide, represented by multiple vents, has remained at a 

similar location and elevation for the past 3.7 Ma. The slope of the southern drainage has 

remained similar and there has been minor amounts of relief generation (~100 m) in the 

past 3.7 Ma giving tributary incision rates of 27 m/Ma compared to Lake Mead block 

average rate of 23 m/Ma seen in Figure 9. The slope of the northern drainage has  
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Figure 10. A) A DEM of lower Grand Wash Trough showing the extent of the Grand Wash 
basalt. B) A profile analysis showing the modern Grand Wash profile (blue) in comparison to 
a paleo Grand Wash profile (red), which was constructed using the top of the southward 
flowing Grand Wash basalt flow dated at 4.72 Ma. 

Figure 11. A) A DEM of the southern rim of the Virgin River Gorge showing the extent of the Black 
Rock Mountain basalt. B) A profile analysis showing the modern profile of Cottonwood Wash and 
Sullivan canyon (blue line) along with the current drainage divide (blue star), in comparison to a paleo 
profile (red line), which was constructed using the top of the south and north-flowing Black Rock 
Mountain basalt flow dated at 3.7 Ma. Notice the large difference in relief production between the 
north and south flowing tributaries from 3.7 Ma to present. 
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steepened with high amounts of relief generation (~850 m) in the past 3.7 Ma and 

average incision rates of 230 m/Ma indicating substantial footwall uplift adjacent to the 

Grand Wash fault in this locality as this rate is about 3 times the block average (85 

m/Ma) shown in Figure 9.  

Provenance Analysis 

The upper Muddy Creek conglomerate (first arriving VR gravels) consists of 

yellow and purple quartzite, volcanics, carbonates, black chert, and chert litharenite. 

These gravels overlie fine-grained sediments of the Muddy Creek Formation and record 

the birth of a major high-energy VR system entering the Mesquite basin (Williams, 

1996; Forrester, 2009; Muntean, 2012). In one location, these gravels appear to be 

“interbedded” with a small outcrop (about 15 x 15 meters) of 4.1 Ma basalt near 

Mesquite, NV (Williams, 1996) leading to the tentative assignment of this age to the 

birth of the Virgin River. 

Age distribution plots (Fig. 12B) of zircons show distinctly different curves 

between lower Muddy Creek (sandstone and siltstone) and upper Muddy Creek paleo-

VR (conglomerate and sandstone) samples (Forrester, 2009; Muntean, 2012). The lower 

Muddy Creek curve has a much broader peak ~ 20 Ma with small peaks at 14, 17, and 

19 Ma. The upper Muddy Creek zircon samples show a sharp peak around 20 Ma with a 

few younger grains at 13 Ma. Potential sources of these zircon grains are listed in Figure 

12A. A Kolmogorov-Smirnov (K-S) test (Dickinson and Gehrels, 2008) between the 

two datasets gives a calculated p-value of 0.00036 indicating a >95% confidence level 

that the parent sources of the upper and lower Muddy Creek deposits are statistically 
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distinguishable. Therefore, the upper and lower Muddy Creek deposits came from 

different sources. Potential source locations along with detrital zircon/sanidine sample 

locations are mapped in Figure 13. 

We analyzed detrital sanidine from three samples of first-arriving VR gravels of 

which DZ analyses at two of these locations have previously been published (Fig. 12). 

An age distribution curve of the 3 combined DS samples shows four distinct peaks at 

13.72 Ma, 18.68 Ma, 20.56 Ma and 23.8 Ma (Fig. 12C). The precise ages of the two 

highest peaks shows evidence for two different sources as opposed to the single peak at 

~19 Ma shown by the detrital zircon data (Fig. 12B). Two grains at about 5.9 Ma gives a 

maximum depositional age of these first arriving VR gravels. Additional observations 

found within the 3 detrital sanidine samples show a potential change of provenance 

between the base and top of the upper Muddy Creek Formation (Appendix H). 

Performing a K-S test on these two datasets also gives a p-value <0.05 which suggests a 

>95% confidence level that the parent sources are statistically different. 

INTERPRETATIONS 

Profile Analysis 

          Of the 19 identified knickpoints, six of them (B, D, L, M, O and Q) are interpreted 

to represent steady-state knickpoints caused by repeated young slip across major faults. 

Knickpoints C, F, G, N, and S are interpreted to represent lithologically controlled steps 

in the longitudinal profile; C at the resistant Kaibab Formation within the Virgin 

Anticline, F at the contact of Kayenta and Navajo Formations, and G, N, and S reflecting 

basalts in the channel.  Knickpoint H formed as a result of the Sentinel landslide, ~4.8 ka 

(Grater, 1945; Castleton, 2016). Knickpoint H may also hide a  
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  Figure 12. Detrital 
Provenance Analysis. A) 
A compilation of potential 
igneous sources local to 
the Virgin River region 
(modified from Dickinson 
et al., 2014). Ages 
compiled from multiple 
sources: Indian Peak 
Caldera – Best et al., 
(1993, 2013); Caliente 
Caldera – Best et al., 
(1993, 2013); Kane 
Springs Wash Caldera – 
Novak (1984); Marysvale 
Volcanics – Rowley et al. 
(1994); Pine Valley – 
Hacker et al. (2007), Biek 
et al., (2010). B) Age 
distribution plot of 
previously published 
detrital zircon grains 
(Muntean, 2012; 
Forrester, 2009) separated 
into two curves, upper and 
lower Muddy Creek 
Formation, which show a 
change in headwater 
source through time. C) 
An age distribution plot of 
328 detrital sanidine 
grains (this study) of the 
upper Muddy Creek 
formation. More precise 
ages from 

40
Ar/

39
Ar dating 

of sanidines clarifies that 
the single peak of detrital 
zircon data at 19-20 Ma is 
actually from two distinct 
sources at 18.68 and 20.56 
Ma. 
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  Figure 13. Detrital analysis of the Muddy Creek Formation. A) Regional map showing the 
locations of potential igneous sources found within the Muddy Creek Formation. IPCC – 
Indian Peak Caldera Complex; CCC – Caliente Caldera Complex; KSW – Kane Springs Wash 
caldera; MM – Mineral Mountain; PV – Pine Valley laccolith; IA – Iron Axis intrusives and 
extrusives; MV – Marysvale Volcanics; MCF – Muddy Creek formation. Tributaries include: 
WRW – White River Wash, MVW – Meadow Valley Wash, BDW – Beaver Dam Wash, SC – 
Santa Clara River, FPW – Fort Pearce Wash, AC – Ash Creek, LC – La Verkin Creek, NC – 
North Creek, DC – Deep Creek, NF – North Fork Virgin River, and EF – East Fork Virgin 
River. B) Inset map of the Muddy Creek formation showing the locations of key detrital 
samples from Forrester (2009) (F11, F18, F29, F36), Muntean (2012) (M1-M5, M8-M9, M11-
M12) and this study (W4, W6, W19). The Muddy Creek formation fills five separate basins in 
this region: TMB – Table Mesa basin, GB – Glendale basin, MoB – Mormon basin, OAB – 
Overton Arm basin, MeB – Mesquite basin. 



40 
 

knickpoint similar to F, which should be found on the North Fork Virgin River 

(Appendix I). Three knickpoints (K, P, and R) within this study are anthropogenic in 

nature and represent dams at Ash Creek, Gunlock, and Baker Reservoirs, respectively.  

Possible tectonic influences on channel steepness include both faults and 

epeirogenic uplift above mantle low velocity zones. Fault-related knickpoints across the 

Hurricane and Toroweap faults are not seen in Grand Canyon (Karlstrom et al., 2012; 

Crow et al., 2014) possibly due to higher stream power of the CR and/or lower recent slip 

rates. Landslides are common in rapidly uplifting environments however, we assume 

their effects to tributary profiles and incision rates at the millions of year’s timescale to 

be minor in this region. The largest known landslide in the Zion Plateau area is the 

Sentinel landslide (Grater, 1945; Castleton, 2016). Castleton (2016) shows the knickpoint 

produced by the Sentinel landslide has greatly reduced in the last 4.8 ka as the Virgin 

River has incised through ~130 meters of the original ~180 meters of debris. VR tributary 

profiles show evidence of a disequilibrium landscape with deeply incised slot canyons 

and convex-up knickpoints on the Zion Plateau. Deep, narrow canyons form where the 

Virgin River North and East Forks incise through the resistant, cliff forming, Navajo 

Sandstone. Rock erodibility clearly influences channel steepness (Pederson and Tressler, 

2012; Bursztyn et al., 2015). However, our ksn results show a much stronger correlation 

with low velocity mantle (Fig. 6). Therefore, we propose that both rock type and ongoing 

uplift above upwelling mantle influence the Virgin River profiles with the latter being the 

dominant driver for the observed difference in steepness between North Fork/Deep Creek 

and East Fork tributaries (Fig. 4c; Crow, 2012).  
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Magmatic Sweep 

The migration path of basaltic volcanism followed a general northeast direction at 

a rate of ~18 km/Ma (18 mm/yr) from the Lake Mead basalts to the East Fork Virgin 

River basalts. This parallels the general southwest vector of North American absolute 

plate motion at a similar rate of ~20 mm/yr relative to the asthenosphere (Minster and 

Jordan, 1978; Gordon and Jurdy, 1986). The correlation of steepest normalized stream 

gradients with underlying low velocity mantle and the sweep of young basaltic volcanism 

that involves mixed lithosphere and asthenosphere sources (Crow et al., 2011) leads us to 

interpret that the sweep of magmatism is related to upwelling asthenosphere, lithospheric 

removal/modification, basalt extraction, and buoyancy-driven uplift above zones of low 

velocity mantle.  

Differential Incision 

Spatially variable and temporally quasi-steady incision rates is a key observation 

that is helpful in determining potential drivers of differential incision. We interpret the 

observed quasi-steady incision rates through time to represent persistent regional uplift. 

Temporally unstable incision rates would suggest transient knickpoints that would be 

better explained by geomorphic controls. We observe transient knickpoints only at 

headwater locations as the Virgin River extends its reach into the uplifting Zion Plateau. 

However, incision rates show quasi-steady incision within each structural block at all 

downstream reaches after the headwater transience has passed through. (Fig. 9A) 

Decreased apparent incision rates within 5 km of major normal faults (most 

pronounced on the down-dropping hanging wall) are interpreted to represent flexural 

responses such as hanging wall anticlines. Once these effects are “removed”, summing 
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the differential incision between blocks multiplied by the duration of fault slip (3.6 Ma 

for initiation of Hurricane Fault; Billingsley and Workman, 2000) gives a total magnitude 

of CP incision of 1134 m (62 m x 3.6 Ma + 253 m x 3.6 Ma = 1134 m; Fig. 9) in the past 

3.6 Ma. This assumes steady incision rates over 3.6 Ma in all three blocks, which is 

supported in Lake Mead and St George/Hurricane blocks by the incision rate data 

through time (inset to Fig. 9). Steady incision of the Zion block is only demonstrated for 

the past ~1 Ma. The Lava Point basalt flow (1.06 Ma) gives an incision rate of ~400 

m/Ma. Biek et al. (2003) projected the Virgin River profile upstream from this point to 

find the elevation of the ancestral Virgin River near Zion Lodge in Zion National Park 

would be about halfway between the base and top of the present Zion Canyon. Assuming 

a steady incision rate, they inferred that headward erosion could have formed the present 

Zion Canyon in the past two million years while a similar canyon extended downstream 

near Virgin, UT. Assuming the Zion block has only been incised for 2 Ma gives us a 

minimum incision magnitude of 730 m (62 m x 3.6 Ma + 253 m x 2 Ma = 730 m).  

We report differential incision magnitudes over 3.6 and 2.0 Ma time spans as 

maximum (1134 m) and minimum (730 m) values, respectively, while suggesting 1134 m 

of incision as the more accurate magnitude. Using a 2 Ma age as the amount of time at 

which these uplift rates have existed might only be appropriate at the present day Zion 

Canyon location. However, our goal is to discover the amount of time in which 

incision/uplift has been occurring throughout the Zion block. With the assumption that 

differential uplift will not occur without faulting, uplift of the Zion block has a maximum 

age, constrained by the Bundyville basalt (Billingsley and Workman, 2000), of 3.6 Ma. 

With both the Lake Mead and St. George/Hurricane blocks containing somewhat constant 
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rates through time, we also assume uplift of the Zion block has been constant through 

time. If steady uplift/incision at 338 m/Ma (Fig. 9) occurred since 3.6 Ma and the VR 

headward eroded into the block at 3.6 Ma, then there should be a total of 1216 m (338 

m/Ma x 3.6 Ma) of total incision where the VR first entered the Zion block at the 

Hurricane fault. The amount of total incision magnitude since 3.6 Ma would decrease 

upstream as the stream has headward eroded since then. With the present river at an 

elevation of ~940 m as it crosses the Hurricane fault, this would suggest the VR first 

incised though rock that is now at an uplifted elevation of ~2156 m (940m + 1216m). The 

Jurassic Carmel formation lies at this elevation ~20 km west of the Hurricane fault at the 

‘West Temple’ (Fig. 1), which is the uppermost stratigraphic layer of the southernmost 

Zion Canyon. The Carmel and overlying Iron Springs formations are the uppermost 

stratigraphic layers found immediately west of the Hurricane fault. Therefore, an 

ancestral ‘Zion Canyon’ may have initiated at the Hurricane fault at 3.6 Ma as the 

ancestral VR eroded into the Zion block at the stratigraphic level of the Carmel formation 

and has since migrated upstream. We report differential incision magnitudes over 3.6 and 

2.0 Ma time spans as maximum (1134 m) and minimum (730 m) values, respectively, 

while suggesting 1134 m of incision as the more accurate magnitude. 

The upstream decrease in incision rates along tributary headwaters is interpreted 

as a record of headward erosion through resistant basalt flows (Fig. 14). The gradient of 

the flow is similar to the upstream reaches of the river. Greater incision magnitudes at 

downstream reaches of the flow are due to greater amounts of time in which the stream 

has been incising the softer underlying sedimentary strata. With time, the transient 

knickpoint migrates upstream through the basalt flow and establishes the downstream 
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gradient and bedrock incision rates.  

 

 

 

 

 

 

 

Thus, our interpretation of the combined datasets is that a young (~ 4 Ma) Virgin 

River is headwardly eroding into an uplifting Zion Plateau. Differential incision 

magnitudes are a proxy for differential uplift across faults and across the region. Because 

incision rates can be shown to be quasi-steady over the past ~6 Ma, differential incision 

rates are also a proxy for differential uplift. Both the upper crustal faulting and the sweep 

of magmatism implicate tectonic influences on VR evolution and both are interpreted 

here to be manifestations of mantle modification processes that are driving melt 

Figure 14. Time steps of hypothesized profiles explaining the local differential incision in the 
upstream extent of East Fork Virgin River. t1) The Spencer Bench basalt (0.57 Ma) enters into 
the EF drainage damming the channel and eventually causing the stream to flow on top of 
resistant basalt. t2) A knickpoint forms in the river profile due to decreased incision at the 
basalt but continued incision downstream. t3) Increased incision begins at the lower extent of 
the flow and the knickpoint propagates upstream undercutting the basalt. t4) The present river 
profile with high incision rates downstream due to more time eroding underlying less-resistant 
strata and no incision upstream because the river has not yet incised through the basalt. t5) The 
knickpoint will migrate upstream quicker in less resistant material and will eventually be 
erased. 
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extraction and buoyancy modification near a step in the lithosphere-asthenosphere 

boundary that is located beneath the SW Colorado Plateau.   

The alternative end member interpretation is that the VR is incising into a 

previously uplifted landscape but with no accompanying uplift of the Colorado Plateau 

(Pederson et al., 2013). In this case, integration of its trunk stream to the Gulf of 

California about 6-5 Ma provided a lower base level for incision of Grand Canyon and 

for headward propagation of the VR. Using the 4 Ma age and measured magnitudes of 

incision across the profile, this interpretation might reconstruct the pre-4 Ma Grand Wash 

Cliffs/CP. Then, similar to Pelletier (2010), a headward wave of incision progressively 

incises into the CP. Evolving profiles show a migrating knickpoint with fastest incision 

rates as the knickpoint passes (Cook et al., 2009; Abbott et al., 2015). This hypothesis 

predicts non-steady rather than steady incision in all reaches of the river which is falsified 

by the observed quasi-steady incision over millions of years all along the profile, 

excluding the headwater transience (Fig. 9). The no-uplift interpretation provides no way 

to explain documented fault slips, the sweep of basaltic volcanism, or association of steep 

stream profiles underlying low velocity mantle and hence is less satisfactory at the 

systems level.   

Another modeling approach is to look at relief generation and carving of deep 

canyons. Relief is primarily generated through two processes that commonly interplay 

with one another, river incision and fault displacement. Darling and Whipple (2015) 

analyzed topographic profiles of interfluves starting at the locations of major relief 

generators, the Colorado River and the Grand Wash fault. Relaxation of knickpoints in 

profiles across the previously uplifted 17 Ma Grand Wash cliffs produced lower gradients 
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than the steep gradients found at the edges of Grand Canyon supporting a young western 

Grand Canyon. We perform a similar analysis in this study to analyze the Virgin River as 

a relief generator. Figure 15 shows a Virgin Gorge interfluve profile (VG4) starting at the 

relief generator (Virgin River) and a profile perpendicular to Grand Wash fault (GWF1) 

have similar lithologies but vary greatly with respect to profile relaxation (transect 

locations found in Figs. 1 and 11). This suggests that the Virgin River incised the Virgin 

Gorge long after relief along the Grand Wash fault was generated, inferring a young 

canyon/river similar in age to the Grand Canyon. Two different Virgin Gorge interfluve 

profiles (VG3 and VG4) show young relief generation however, the soft Hermit shale in 

VG3 allowed increased erosion and relaxation of the profile.  

   
Figure 15. Topographic profiles of interfluves starting at major relief generators. GWF1—
profile edited from Darling and Whipple (2015) to show differing rock formations along the 
profile starting at Grand Wash fault and going east across the Grand Wash Cliffs. VG3 and 
VG4—interfluve profiles starting at the Virgin River within the Virgin River Gorge. Note 
similar rock types between VG4 and GWF1 with discordant profile concavities.  
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Basalt paleoprofiles  

         The downstream divergence of Grand Wash profiles (Fig. 10) supports the 

hypothesis of regional active uplift relative to base level causing steeper modern river 

profiles, since base level (CR) has been graded to sea level since ~4.5 Ma (Howard et al., 

2015). Howard et al. (2015) argue for 145-230 m of regional offset across the Black 

Mountains, located ~15 km west of the CR-VR confluence (Fig. 1), in the past 4 Ma 

(Ryan Crow, personal communication, 2018). We interpret this offset as an upper crustal 

accommodation to epeirogenic uplift. A potential complication related to this offset is 

that as this uplift occurred downstream of the CR-VR confluence post CR-VR 

integration, a transient knickpoint may have existed as a contributing driver of VR 

incision. However, we observe no evidence suggesting any transient knickpoint in our ~6 

Ma record of incision rates (Fig. 9A). The Grand Wash basalt flow lies within the fault-

dampened zone of the Wheeler fault and is therefore downfolded below the original 

elevation (Howard and Bohannon, 2001). If the flow is progressively downfolded as it 

nears the Wheeler fault than the paleoprofile shown in Fig. 10 had an even shallower 

gradient at the time of basalt deposition (4.7 Ma) which would infer even greater 

downstream divergence between the paleo and modern Grand Wash profiles and further 

support our interpretation of active regional uplift. 

 The 3.7 Ma Black Rock Mountain paleoprofile analysis (Fig. 11) shows 

similar results. At the time of this flow, the northern and southern drainages had very 

similar slopes which may infer similar base levels, uplift rates, and/or drainage areas. The 

stark contrast in relief generation between the northern and southern profiles since 3.7 Ma 

is explained by the northern profile’s connection to the VR (local base level). Since 3.7 
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Ma, the VR greatly increased its drainage area and scale while the southern drainage has 

remained the same. With the initiation of the Hurricane fault at 3.6 Ma, the VR has also 

experienced a large increase in active headwater uplift, relative to smaller amounts of 

regional uplift observed in the Lake Mead block. The uplifting headwaters steepened the 

river profiles and increased stream power, which then generated the observed relief. 

Provenance Analysis 

Provenance analysis is important for interpreting when and how the VR became 

integrated. The well-rounded, far-traveled clasts found in Grand Wash Trough beneath a 

4.7 Ma basalt are interpreted to represent reworked Canaan Peak gravels from the eastern 

flank of Pine Valley Mountains. We interpret the yellow volcanics and the chert 

litharenites to be derived from the Delfonte volcanics of southeastern California and 

Eleana Formation of Nevada, respectively. The combination of yellow volcanics, chert 

litharenites, black argillites with white quartz veins, and maroon and yellow quartzite 

clasts are diagnostic of the Canaan Peak Formation (Goldstrand 1992, 1994). This would 

suggest a paleo-river (ancestral Virgin?) entering Grand Wash Trough from the north 

around 4.7 Ma and perhaps entering the newly established Colorado River. Evidence of 

similar clasts found near Mesquite, NV suggest an ancestral Virgin exited the Virgin 

Gorge <4.1 Ma based upon the dated basalt of Williams (1996).  

Age distribution plots of detrital zircons with sharp peaks around 19 Ma was 

interpreted by Dickinson et al. (2014) to propose that the ~4 Ma arrival of the VR had 

headwaters in the Pine Valley laccolith (20.5 Ma; Hacker et al., 2007). Dickinson et al. 

(2014) proposed that the distribution plots would have a much broader peak if the source 

was from Basin and Range igneous centers such as the Indian Peak and Caliente caldera 
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complexes since they have a much wider range of ages (~33-11 Ma; Best et al., 1993, 

2013) (Fig. 12A and 13). The rest of the DZ spectrum is undiagnostic but suggests 

derivation from Mesozoic and Paleozoic strata (Appendix J). We interpret our analysis of 

upper versus lower Muddy Creek detrital zircons to indicate a change in headwater 

location. The lower, internally drained, Muddy Creek had a source in the northern Basin 

and Range igneous centers (primarily the Caliente caldera complex) which is supported 

by a broader peak (Fig. 12B). The upper Muddy Creek, first arriving VR gravels, shows a 

sharp peak at ~20 Ma indicating the capture of an ancestral VR through the VR Gorge 

with headwaters at Pine Valley Mountains (20.5 Ma). Alternate explanations for this 

analysis may include a zircon grain picking bias or small sample size of grains within this 

age range. 

          The more robust and precise dataset of detrital sanidine ages allows us to pinpoint 

source regions and resolve previous conflicts with a peak at 19 Ma as discussed in 

Dickinson et al. (2014). An age distribution curve of the upper Muddy Creek detrital 

sanidine grains shows two distinct peaks at 18.68 Ma and 20.56 Ma. We interpret the 

20.56 Ma age to represent the influx of Pine Valley laccolith and latite (20.5 Ma; Hacker 

et al., 2007) sediments located east of Grand Wash fault. Other peaks at 18.68 Ma and 

23.8 Ma represent the Caliente caldera complex (Best et al., 1993, 2013) while the 13.72 

Ma peak is sourced from Mineral Mountain (14-10.2 Ma; Hacker et al., 2007), part of the 

Iron Axis intrusives and extrusives (Fig. 13). Therefore, the rapidly arriving far-traveled 

gravels that represent the upper Muddy Creek, had a mixed source of the Caliente 

Caldera complex and Mineral Mountain from Beaver Dam wash and the Pine Valley 

laccolith from an ancestral VR. The large peak of Pine Valley age grains found among 
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the lowest (first-arriving) gravels within the upper Muddy Creek is interpreted to indicate 

a headward eroding tributary from Mesquite Basin had tapped into a well-established 

drainage system with headwaters in the high elevation Pine Valley laccolith. A small 

headward eroding stream into the Pine Valley laccolith would show a gradual increase of 

20.5 Ma age grains from lower (KCW17-4 and KCW17-6) to stratigraphically higher 

Muddy Creek samples (KCW17-19), which is not seen (Appendix H). The two youngest 

grains (~5.9 Ma) act as a much younger maximum depositional constraint then the 

previously published youngest detrital zircon grains of ~11 Ma (Muntean, 2012). This 

proves the Virgin River Gorge to be a relatively young canyon, similar in age to the 

Grand Canyon. 

DISCUSSION 

Evolution of the Virgin River  

Our model for Virgin River evolution (Fig. 16) accommodates the following 

constraints/observations. 1) Zircons suggest CP (or CP equivalent formations of the BR) 

derived sediments enter the Virgin Depression/Overton Arm basins by at least 6 Ma 

(Muntean, 2012; Dickinson et al, 2014). 2) A paleo-river (likely the paleo VR) entered 

the GWT from the north 4.7 Ma, depositing reworked Canaan Peak gravels from an 

inferred source east of Pine Valley Mountains (this study). 3) A sharp contact exists in 

the Overton Arm, Mormon and Mesquite basins between two informally termed units, 

lower and upper Muddy Creek Formations. Lower Muddy Creek Formation is fine-

grained siltstone interpreted as internally drained basin deposits. Upper Muddy Creek 

Formation contains coarse gravel that represent the arrival of the Virgin River (Williams, 

1996; Swenberg, 2012) at 6-4 Ma (Dickinson et al., 2014; this study). 4) The northward 
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and southward outflows of the Black Rock Mountain basalt (3.7 Ma) suggests an 

ancestral river gorge and drainage divide similar to today’s, existed 3.7 Ma (Fig. 11, this 

study). 5) A 3 Ma tuff intercalated with Muddy Creek Formation in Glendale Basin, west 

of Mormon Mesa, suggests the Basin and Range tributaries (White River and Meadow 

Valley Wash) did not become integrated with the Virgin River until after 3 Ma 

(Dickinson et al., 2014). 6) Differential incision data suggest a headward progression 

with slow incision rates since 6-4 Ma near the CR-VR confluence suggesting stable base 

level since then; incision rates increase upstream in steps across faults. 7) The shape of 

the modern VR watershed (Fig. 1) is unique with two distinct lobes, west and east, which 

appear to have been two separate drainage basins divided by the Beaver Dam and Virgin 

Mountains until integration through the Virgin Gorge. 8) The pattern of S-flowing (fault 

controlled tributaries) entering an east-propagating mainstem is suggested by modern 

geometries (Fig. 1). 

Pre-5 Ma landscape  

Figure 16 is a summary of our interpretation of the birth and evolution of the 

Virgin River system. Prior to the integration of the Colorado River to the Gulf of 

California and the incision of Grand Canyon, the Lake Mead Region consisted of large 

internally drained basins throughout the late Miocene (Fig. 16A). Basins relevant to this 

research include Grand Wash Trough, Virgin Depression (Mesquite and Mormon basins), 

Overton Arm, Temple Bar, Greggs, and Glendale basins. These basins formed at the 

major onset of extension ~17 Ma, in the resultant half-grabens of the Grand Wash, 

Piedmont, Bitter Ridge-Hamblin Bay, South Virgin-White Hills, Wheeler Ridge, and 

California Wash faults respectively (Faulds et al., 2016). The Hualapai Limestone  
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Figure 16. Interpreted paleo-drainage reconstructions of the Virgin River fluvial system at 
multiple time steps (A-E) from internally drained basins at ~6 Ma (A) to a through-flowing 
Virgin River with headwaters on the Zion Plateau at ~2 Ma (E). This figure illustrates the role 
of headward erosion and stream capture of a “Grand Wash River” which formed the current 
path of the Virgin River through the Virgin Gorge. CCC—Caliente Caldera complex; GlB—
Glendale Basin; GrB—Greggs Basin; GWT—Grand Wash Trough; IA—Iron Axis intrusives 
and extrusives; IPCC—Indian Peak Caldera complex; KSW—Kane Springs Wash Caldera; 
MeB—Mesquite Basin; MM—Mineral Mountain; MoB—Mormon Basin; MV—Marysvale 
Volcanics; OAB—Overton Arm Basin; PV—Pine Valley; TB—Temple Basin; ZNP—Zion 
National Park. Labeled ages correlate with peaks found in the detrital sanidine age distribution 
curve (Figure 12C) and indicate interpreted sources from which the peaks originated. 
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provides a record of a spring fed lake (Lake Hualapai) in Grand Wash trough that 

persisted from 13 until the 6-4.5 Ma arrival of the CR (Spencer et al., 2001; Crossey et 

al., 2015). The Grand Wash cliffs were the major topographic feature providing relief in 

the area; the Pine Valley Mountains acted as the major topographic feature in the north. 

The Pine Valley laccolith formed during the early Miocene (20.5 Ma) as magma was 

emplaced within the Claron Formation, causing a rapid generation of relief (Biek et al., 

2010). Detailed mapping shows evidence of slope oversteepening that lead to massive 

Miocene gravity slides being shed from the Pine Valley laccolith (Hacker, 1998; Hacker 

et al., 2002, 2007). 

Integration and birth of the Virgin River  

Figure 16B shows the earliest significant drainages off the Pine Valley laccolith is 

manifested by reworked Canaan Peak gravels found beneath the 4.7 Ma Grand Wash 

basalt in Grand Wash (see Fig. 10). Thick deposits of gypsum in the northern GWT 

suggest internal drainage until about 5 Ma (Faulds et al., 2016).  A stream entering Grand 

Wash from the north likely eroded headwardly until reaching the Canaan Peak Formation 

exposed on the southeastern flanks of the Pine Valley Mountains. Also, note a stream 

flowing from the north into the Mesquite Basin, bringing in ~24-11 Ma detrital zircon 

grains from the Caliente Caldera complex. Figure 16C shows establishment of the present 

course of the VR about 4 Ma. We interpret the Virgin Gorge to be the result of headward 

erosion from the Virgin Depression, across the Piedmont and Grand Wash faults.  By ~4 

Ma, a headwardly eroding incipient Virgin River taps into and captures the Grand Wash 

drainage causing the rapid arrival of Canaan Peak gravels at the mouth of the Virgin 

River Gorge and within the Overton Arm basin. From 4.0 to 3.6 Ma, the large influx of 
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sediment from incision of the Virgin Gorge causes major aggradation within the 

Mesquite, Mormon, and Overton Arm basins similar to the Bullhead Alluvium located in 

the lower Colorado River (Howard et al., 2015). At about 3.6 Ma (Fig. 16D), slip along 

the Hurricane fault initiates as an upper crustal response to asthenospheric upwelling 

beneath the edge of the Colorado Plateau, as tracked by the onset of migrating basaltic 

volcanism. Combined footwall uplift and epeirogenic doming uplifts the headwaters, 

increases stream power and triggers a transition from aggradation to incision within the 

Virgin River drainage. By 2 Ma (Fig. 16E), the mainstem of the upper VR has incised 

headwardly across the Hurricane fault and continues to propagate eastward into the 

uplifting Zion Plateau. 

Therefore, a few conclusions can be drawn from the proposed paleogeographic 

evolution. First, recent/ongoing differential uplift of the Zion Plateau is the major driver 

for drainage evolution in this region in the last 5 Ma. Second, headward erosion was the 

primary mechanism for the birth of the present day Virgin River and the transition from 

internally drained basins to a major through flowing drainage system.  

Mechanisms for uplifts 

The sweep of basalts found within the Virgin drainage acts as an amazing link 

between observed differential incision at the surface and subsurface mantle activity 

through time. Tomographic data of upper mantle velocities at 80 km depth show a low 

velocity ring around the western CP boundary and a high velocity anomaly known as the 

Escalante anomaly (Schmandt and Humphreys, 2010). These low mantle velocities are 

suggestive of the presence of partial melt in buoyant, hot, and rheologically weaker 

mantle (Sine et al., 2008; Schmandt and Humphreys, 2010). Low mantle velocities 
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underlie the majority of the northeastern portion of the VR drainage system including the 

entirety of Zion National Park. Figure 17 shows a correlation between low velocity 

mantle and increased incision rates. Our incision rates collected along the East Fork 

Virgin River plot higher than expected. The heights used at this location were calculated 

from the base of the basalt flow. However, if the thick cliffs below the basalt flow are 

well indurated quaternary gravels, instead of a Mesozoic conglomerate, than incision 

rates would be much lower (~50 m/Ma) when calculated from the base of the gravels as 

reported by Darling (2016). We interpret this data to suggest that mantle buoyancy is a 

contributor to differential incision and therefore differential surface uplift.  

   
Figure 17. Blue-red scale background raster of p-wave mantle velocities (%) at a depth of 80 
km (Schmandt and Humphreys, 2010). Blue data points represent locations of all calculated 
incision rates. An inset wedge plot shows a correlation among increasing incision rates with 
decreasing mantle velocity. The Spencer Bench basalt located along East Fork Virgin River do 
not fit the general trend. Heights along the East Fork Virgin River were measured from the 
base of the basalt (blue points). The red star shows an incision rate calculated from the base of 
what was interpreted to be Quaternary gravels below the basalt (See text; Darling, 2016). The 
dashed line shows a general curve of maximum incision rates, using the lower incision rate 
calculated by Darling (2016).  
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Details of mantle mechanism that could be driving uplift are incompletely 

understood, but lithospheric delamination and edge-driven convection have both been 

proposed. The preferred mechanism must be able to explain both the inward migration of 

basaltic magmatism toward the center of the Colorado Plateau (Best et al., 1980; Wenrich 

et al., 1995; Roy et al., 2009; Crow et al., 2011) and increase in asthenospheric melts 

through time, and to the east (Crow et al., 2011). 

Delamination below the Escalante anomaly was supported by Levander et al. 

(2011). This model suggests thermochemical convection as upwelling mantle generates 

an intrusion of basaltic partial melts into the base of the CP increasing negative buoyancy 

and thermally weakening the mantle lithosphere. Decreased viscosity and increased 

density of the mantle lithosphere allows a ‘drip’ to form and delaminate the mantle 

lithosphere and perhaps some of the lower crust. The failure within the lowermost crust 

along a localized surface, as observed in the receiver function images (Fig. 3 of Levander 

et al., 2011), allows for the replacement of lithospheric mantle and lower crust with hot 

buoyant asthenosphere. The introduction of asthenosphere as the mantle lithosphere 

continues to tear away (delaminate) from the lower crust is suggested to explain the 

observed migration of magmatism. However, the dipping structure in the PdS receiver 

function image (Fig. 3 of Levander et al., 2011) opens to the northeast and therefore 

infers that the hot asthenosphere first encounters the thinned lithosphere in the northeast 

and migrates to the southwest. Thus, in detail, this model (Fig. 4 of Levander et al., 2011) 

does not support the direction of migration observed at the surface. 

A second model explaining uplift of the Colorado Plateau proposes small-scale 

upper mantle edge-driven convection. The Colorado Plateau lithosphere is assumed to  
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Figure 18. Tomographic cross-section of the general path of the Virgin River (Fig. 17). 
Low mantle velocities underlie the high ksn headwaters of North Fork Virgin River. A 
plot of oldest vents shows the spatial migration of basaltic volcanism through time. 
Black arrows represent upper mantle convection, which is the suggested mantle-driven 
mechanism of differential uplift in this study. 
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have a thickness of 120-140 km whereas the Basin and Range lithosphere has a thickness 

of 60-80 km (West et al., 2004). Van Wijk et al. (2010) use numerical modeling of an 

assumed step in lithospheric thicknesses to better understand the convective processes 

that take place. A thermally induced Rayleigh-Taylor instability forms at the large step 

with hot asthenosphere juxtaposed with colder mantle lithosphere. The hydrated and 

weakened mantle lithosphere begins to drip off the base of the Colorado Plateau and 

thinned lithosphere is replaced by hot buoyant asthenosphere, which drives surface uplift. 

The edge driven convection model applied to a thicker Colorado Plateau lithosphere as it 

moves SW over warm asthenosphere may best explain the northeastward migration of 

magmatism and increased uplift of the Zion Plateau (Fig. 18).  

CONCLUSIONS 

The differential incision history of the 5-4 Ma Virgin River drainage system is 

interpreted to provide evidence for ~730-1100 m of surface uplift of the CP. 

Documentation of quasi-steady incision for each reach, and removal of local effects of 

fault-dampened incision directly adjacent to faults, allow us to equate differential incision 

magnitude with uplift magnitude. Averaged incision rates show an eastward propagating 

stair-stepping increase across structural blocks: 23 m/Ma in the Lake Mead block (local 

base level), 85 m/Ma in the St. George and Hurricane blocks, and 338 m/Ma in the Zion 

block (headwaters). Differences in incision magnitude accumulate upstream to ~730-

1100 m of uplift in the western CP relative to the CR-VR confluence depending on 

whether Zion block has been incising for 2 or 3.6 Ma. Thus, ~25-40% of the total surface 

uplift of the CP since 70 Ma occurred in the past 6-5 Ma (Karlstrom et al., 2012). 

Increased incision rates and oversteepened channel segments (ex. North Fork Virgin 



59 
 

River) correlate better with areas of underlying low velocity mantle than with variances 

in substrate lithology or precipitation. An observed NE-propagation of basaltic 

magmatism migrated at rates of ~18 km/Ma, similar to North American absolute plate 

motion (~20 km/Ma). We conclude that NE-propagating upper mantle convection drove 

differential uplift of the western CP in the past 5 Ma and that the birth and evolution of 

the VR provide evidence for large-scale landscape response to mantle-driven uplift.    
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APPENDIX A: COMPILATION OF DATED BASALTS 

  

Flow Unit Symbol Sample Latitude Longitude Age (Ma)
Dating 

Method Quad Reference

Santa Clara Qbs SC100605-1 37.1503 -113.6564 0.027 ± 0.0003 14C St. George Willis et al. (2006)
Crater Hill Qbc ZP1501 37.2116 -113.1057 0.101 ± 0.08 Ar-Ar Springdale West UGS and NMGRL (2007b)
Crater Hill Qbc - 37.1681*  -113.0683* 0.122 ± 0.015 OSL Springdale West Biek et al (2010)
Radio Tower Qbrt H11299-4 37.1981 -113.2889 0.142 ± 0.06 Ar-Ar Hurricane Biek (2003b)
East Reef Qber VR122-2 37.2081 -113.3431  0.203 ± 0.16 Ar-Ar Hurricane Biek et al (2010)
Grapevine Wash Qbg ZP-0502 37.3381 -113.1169 0.223 ± 0.03 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Cinder Pits Qbcp VR123-5 37.1819 -113.3186 0.243 ± 0.02 Ar-Ar Hurricane Biek (2003b)
Grapevine Wash Qbg ZP-0606 37.2789 -113.0961 0.263 ± 0.01 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Grapevine Wash Qbg ZP-0607 37.2800 -113.0961 0.263 ± 0.03 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Crater Hill Qbc ZP1501 37.2116 -113.1057 0.282 ± 0.08 Ar-Ar Springdale West UGS unpublished data
Grapevine Wash Qbg ZP-0503 37.3500 -113.1069 0.294 ± 0.02 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Grapevine Wash Qbg ZP-0605 37.2981 -113.0989 0.314 ± 0.04 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Crater Hill Qbc VR41-02 37.1746 -113.0834 0.312 ± 0.07 Ar-Ar Springdale West UGS unpublished data
Crater Hill Qbc VR41-03 37.1802 -113.0848 0.322 ± 0.13 Ar-Ar Springdale West UGS unpublished data
Volcano Knoll Qbvk CP71900-6 37.4217 -112.9292 0.344 ± 0.03 Ar-Ar Cogswell Point Biek and Hylland (2007)
Little Creek Qblc LD98-1 37.0813*  -113.1518* 0.349 ± 0.015 Ar-Ar Little Creek Mountain Downing (2000)
Volcano Mountain Qbv2 6 15 37.1879*  -113.2749* 0.358 ± 0.04 Ar-Ar Hurricane Sanchez(1995)
Virgin Flats Qbvf CP71900-1 37.4131 -112.9756 0.375 ± 0.02 Ar-Ar Cogswell Point Biek and Hylland (2007)
Divide Qbd TD12999-1 37.0719 -113.2981 0.415 ± 0.08 Ar-Ar The Divide Hayden (2004a)
Gould Wash Qbgw VR41-08 37.1258 -113.2491 0.423 ± 0.21 Ar-Ar Little Creek Mountain Biek et al (2010)
Saddle Mountain Qbsm VY122001-3 37.3123 -113.6399 0.476 ± 0.12 Ar-Ar Veyo Biek et al (2010)
Spencer Bench Qb - 37.3821*  -112.5673* 0.570 ± 0.02 Ar-Ar Orderville Schiefelbein (2002)
Dammeron Valley East Qbde VY122001-4 37.3095 -113.5641 0.598 ± 0.02 Ar-Ar Veyo Biek et al (2010)
Lark Canyon Qbla CEQ-18 37.4036 -113.6132 0.614 ± 0.04 Ar-Ar Central East Biek et al (2010)
Graham Ranch (Sage) Qgrb - 36.4700 -113 0.635 ± 0.24 K-Ar Heaton Knolls Jackson (1990)
Baker Dam Qbbd VY8301-3 37.3484 -113.6701 0.674 ± 0.04 Ar-Ar Veyo Biek et al (2010)
Pine Valley Qbpv CEQ-14 37.4080 -113.5292 0.674 ± 0.07 Ar-Ar Central East UGS and NMGRL (2007a)
Veyo Qbve3 VY111902-7 37.2748 -113.7049 0.699 ± 0.04 Ar-Ar Veyo UGS and NMGRL (2007b)
Baker Dam Qbbd VY8301-1 37.3330 -113.6933 0.694 ± 0.14 Ar-Ar Veyo Biek et al (2010)
Horse Knoll Qbhk CP62001-3 37.4369 -112.8811 0.739 ± 0.02 Ar-Ar Cogswell Point Biek and Hylland (2007)
Hornet Point Qbhp CP83100-3 37.4526 -112.9993 0.750 ± 0.05 Ar-Ar Cogswell Point Biek and Hylland (2007)
Pintura Qbp ACG-1 37.2833 -113.2833 0.821 ± 0.1 Ar-Ar Pintura Lund et al. (2001)
Antelope Knoll Qab 23-B91 36.8014*  -113.2066* 0.83 ± 0.28 K-Ar Antelope Knoll Wenrich et al. (1995)
Pintura Qbp BR-1 37.4107 -113.2144 0.851 ± 0.03 Ar-Ar Kolob Arch Lund and Everitt (1998)
Pintura Qbp MH-1 37.3653 -113.2361 0.881 ± 0.04 Ar-Ar Smith Mesa Lund et al. (2001)
Washington Qbw HJ11299-2 37.1589 -113.4719 0.881 ± 0.04 Ar-Ar Harrisburg Junction Biek (2003a)
Pintura Qbp AC-1 37.4031 -113.2364 0.891 ± 0.05 Ar-Ar Kolob Arch Lund and Everitt (1998)
Pintura Qbp VR113-4 37.2431 -113.2969 0.902 ± 0.02 Ar-Ar Hurricane Biek (2003b)
Central West Qvcw VY8301-6 37.3721 -113.6617 0.926 ± 0.07 Ar-Ar Veyo Biek et al (2010)
Ivans Knoll Qbi H11299-2 37.1720 -113.352 0.983 ± 0.07 Ar-Ar Hurricane Biek (2003b)
Washington Qbw VR40-07 37.1378 -113.4718 0.986 ± 0.02 Ar-Ar Harrisburg Junction Biek (2003a)
Magotsu Creek Qbmc VY11702-1 37.2808 -113.7613 0.993 ± 0.03 Ar-Ar Gunlock UGS and NMGRL (2008)
Magotsu Creek Qbmc VY8301-7 37.3671 -113.6856 1.006 ± 0.09 Ar-Ar Veyo Biek et al (2010)
Little Tanks Basalt Qlb 25-B91 36.5444 -113.3778 1.0 ± 0.4 K-Ar Little Tanks Wenrich et al. (1995)
Lava Point Qblp ZP-0601 37.3872 -113.0386 1.033 ± 0.03 Ar-Ar Kolob Resevoir Biek (2007b)
Grass Knoll Qbgk SMQ-1 37.2742 -113.6059 1.027 ± 0.36 Ar-Ar Saddle Mountain Biek et al (2010)
Ivans Knoll Qbi VR123-11 37.1261 -113.3639 1.043 ± 0.02 Ar-Ar Hurricane Biek (2003b)
Horse Ranch Mountain Qbhr KA92600-1 37.4786 -113.1589 1.043 ± 0.06 Ar-Ar Kolob Arch Biek (2007a)
Kolob Peak Qbkp KR81200-1 37.4225 -113.0672 1.064 ± 0.05 Ar-Ar Kolob Resevoir Biek (2007b)
Lava Point Qblp VR41-01c 37.2113 -113.1468 1.067 ± 0.01 Ar-Ar Virgin Biek et al (2010)
Remnants Qbr TD11699-3 37.1050 -113.3261 1.074 ± 0.03 Ar-Ar The Divide Hayden (2004)
Ivans Knoll Qbi VR41-06 37.1284 -113.2971 1.067 ± 0.16 Ar-Ar Hurricane Biek (2003b)
Lava Point Qblp ZP-0602 37.3861 -113.04 1.094 ± 0.02 Ar-Ar Kolob Resevoir Biek (2007b)
Grass Valley Reservoir Qbgvr CEQ-8 37.4032 -113.5178 1.087 ± 0.13 Ar-Ar Central East Biek et al (2010)
Grass Valley Qbgv VR42-03 37.0747 -113.3244 1.097 ± 0.09 Ar-Ar The Divide Biek et al (2010)
Big Sand Qbb VR42-09 37.1631 -113.6103 1.137 ± 0.05 Ar-Ar Santa Clara Biek et al (2010)
Lava Point Qblp ZP-0405 37.3740 -113.06 1.155 ± 0.14 Ar-Ar The Guardian Angels Willis and Hylland (2002)
Cedar Bench Qbcb VR42-08 37.2195 -113.6314 1.167 ± 0.03 Ar-Ar Santa Clara Biek et al (2010)
Cedar Bench Qbcb VR40-05 37.1047 -113.594 1.238 ± 0.01 Ar-Ar St. George Biek et al (2010)
East Mesa Qeb 20-B91 36.9184*  -113.4156* 1.4 ± 0.25 K-Ar Yellowhorse Flat Wenrich et al. (1995)
Lava Ridge Qbl VR40-06 37.1121 -113.551 1.419 ± 0.01 Ar-Ar St. George Higgins (2003)
Little Creek Peak Qbli VR43-01 37.3556 -113.0727 1.449 ± 0.04 Ar-Ar The Guardian Angels Willis and Hylland (2002)
West Mesa Qwb 21-B91 36.8834*  -113.4389* 1.6 ± 0.3 K-Ar Yellowhorse Flat Wenrich et al. (1995)
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APPENDIX A (CONT.): COMPILATION OF DATED BASALTS 

  

Flow Unit Symbol Sample Latitude Longitude Age (Ma)
Dating 

Method Quad Reference
Gunlock Qbgd VR40-01 37.2381 -113.7744 1.620 ± 0.07 Ar-Ar Shivwits Biek et al (2010)
Gunlock Qbgd VY8301-9 37.3230 -113.668 1.641 ± 0.02 Ar-Ar Veyo UGS and NMGRL (2008)
Gunlock Qbgd VY8301-10 37.3245 -113.6664 1.661 ± 0.02 Ar-Ar Veyo Biek et al (2010)
Little Black Mountain Qb 27-B92 36.9920 -113.5 1.7 ± 0.4 K-Ar Yellowhorse Flat Wenrich et al. (1995)
Central West Qvcw VY11802-7 37.3711 -113.6719 1.793 ± 0.09 Ar-Ar Veyo Biek et al (2010)
Granite Wash Tbgw VY11802-1 37.3667 -113.6306 1.996 ± 0.02 Ar-Ar Veyo UGS and NMGRL (2008)
Aqueduct Hill Tbah VY8301-4 37.3504 -113.6719 2.006 ± 0.04 Ar-Ar Veyo UGS and NMGRL (2008)
Basalt flow undivided Tb 01RB-068 37.4452*  -113.6363* 2.249 ± 0.05 Ar-Ar Central West UGS and NMGRL (2008)
Twin Peaks Tbt VR40-04 37.1129 -113.5991 2.355 ± 0.02 Ar-Ar St. George Biek et al (2010)
Seegmiller Mountain Tsb PED-32-66 36.8460 -113.641 2.35 ± 0.31 K-Ar Wolf Hole Mountain Reynolds et al (1986)
Twin Peaks Tbt VR40-12 37.1425 -113.5687 2.385 ± 0.02 Ar-Ar Washington Biek et al (2010)
Twin Peaks Tbt VR40-10 37.2224 -113.5664 2.446 ± 0.02 Ar-Ar Washington Biek et al (2010)
Seegmiller Mountain Tsb PED-33-66 36.8460 -113.643 2.44 ± 0.51 K-Ar Wolf Hole Mountain Reynolds et al (1986)
Mount Logan Basalt Tmlb PED-43-66 36.3515 -113.2017 2.63 ± 0.34 K-Ar Mount Logan Reynolds et al (1986)
Wolf Hole Mountain Twb 29-B91 36.9009*  -113.6154* 3.1 ± 0.4 K-Ar Wolf Hole Mountain Wenrich et al. (1995)
Grand Wash Bay basalt Tgb UAKA 89-24 36.2722 -113.9845 3.24 ± 0.05 K-Ar Lake Mead Damon et al. (1996)
Mt. Trumbull Basalt Tmb PED-42-66 36.3978 -113.1544 3.47 ± 0.63 K-Ar Mt. Trumbull NW Best et al. (1980)
Black Rock Canyon Tbrb 19-B91 36.8988*  -113.371* 3.5 ± 0.6 K-Ar White Pockets Wenrich et al. (1995)
Bundyville Basalt Tbb PED-40-66 36.4082 -113.2917 3.6 ± 0.18 K-Ar Jones Hill Reynolds et al (1986)
Hobble Basalt Flow Thb 18-B91 36.6003*  -113.7661* 3.6 ± 0.54 K-Ar St. George Canyon Wenrich et al. (1995)
Mt. Trumbull Basalt Tmb PED-42-66 36.3978 -113.1544 3.67 ± 0.09 K-Ar Mt. Trumbull NW Best et al. (1980)
Black Rock Mountain Tbb 28-B91 36.7781 -113.7418 3.7 ± 0.6 K-Ar Purgatory Wenrich et al. (1995)
Diamond Butte Basalt Tdb 24-B91 36.5640 -113.35 4.3 ± 0.6 K-Ar Little Tanks Wenrich et al. (1995)
Sandy Point Tbsp JF-97-76 36.1147 -114.1113 4.48 ± 0.03 Ar-Ar Meadview North Faulds et al. (2001)
Whitmore Hill Vent Twb 4-B86 36.1400 -113.227 4.56 ± 0.12 K-Ar Whitmore Rapids Wenrich et al. (1995)
Pakoon Springs Basalt Tb UAKA 89-23 36.4000 -113.933 4.7 ± 0.07 K-Ar Pakoon Springs Damon et al. (1996)
Grand Wash Tgb K06-286.5-R-1 36.2013 -114.0327 4.72 ± 0.17 Ar-Ar Lake Mead Crow et al. (in prep)
Grand Wash Tgb H98AR-23-1 36.3676 -114.012 4.78 ± 0.03 Ar-Ar Lake Mead Beard et al. (2007)
Cottonwood Basalt (top) Tb PED-35-66 36.6270 -113.8897 4.73 ± 0.18 K-Ar Cane Springs Reynolds et al (1986)
Poverty Mountain Basalt Tpb PED-39-66 36.4310 -113.558 4.75 ± 0.26 K-Ar Poverty Spring Best et al. (1980)
Fortification Hill Basalt Tfb 87-38-143-LN 36.0505 -114.677 5.42 ± 0.13 K-Ar Lake Mead Feurbach et al. (1991)
Fortification Hill Basalt Tfb F8-42-82-LN 36.0770 -114.5955 5.43 ± 0.16 K-Ar Lake Mead Feurbach et al. (1991)
Fortification Hill Basalt Tfb 87-38-142-LN 36.0532 -114.6817 5.73 ± 0.13 K-Ar Lake Mead Feurbach et al. (1991)
Fortification Hill Basalt Tfb F7-38-13-LN 36.0625 -114.6822 5.89 ± 0.18 K-Ar Lake Mead Feurbach et al. (1991)
Muddy Creek Volcanics Tmv 87-10-129-LN 36.4120 -114.3838 6.02 ± 0.39 K-Ar Lake Mead Feurbach et al. (1991)
Dellenbaugh Basalt Tsb PED-38-66 36.1530 -113.583 6.78 ± 0.15 K-Ar Castle Peak Reynolds et al (1986)
Cottonwood Basalt (base) Tb PED-34-66 36.6270 -113.8893 6.87 ± 0.2 K-Ar Cane Springs Best et al. (1980)
Mt. Dellenbaugh Basalt Tsb PED-37-66 36.1090 -113.542 7.06 ± 0.49 K-Ar Mt. Dellenbaugh Reynolds et al (1986)
Callville Mesa Volcanics Tcm4 F8-24-85-LN 36.1642 -114.7325 8.49 ± 0.2 K-Ar Lake Mead Feurbach et al. (1991)
Snap Point Basalt Tsgb SP-80-1 36.1730 -113.811 9.07 ± 0.8 K-Ar Snap Canyon East Reynolds et al (1986)
Gold Butte Tbgb K-97-12-3E-1 36.2662 -114.2539 9.39 ± 0.05 Ar-Ar Lake Mead Beard et al. (2007)
Hamblin Volcanics Tvh 11-714-71 36.1865 -114.6542 10.19 ± 0.07 Ar-Ar Lake Mead Anderson et al. (1994)
Callville Mesa Volcanics Tcm1 F8-24-100-LN 36.1720 -114.7083 10.46 ± 0.23 K-Ar Lake Mead Feurbach et al. (1991)
Tertiary Basalt Undivided Tvc KT8250 36.1881 -114.4949 11.1 ± 1.1 K-Ar Lake Mead Thompson (1985)
Callville Mesa Volcanics Tcm TV92-5 36.1745 -114.8125 11.55 ± 0.14 Ar-Ar Lake Mead Harlan et al. (1998)
Hamblin Volcanics Tvhu 12-801-17 36.1826 -114.6778 11.85 ± 0.03 Ar-Ar Lake Mead Anderson et al. (1994)
Tertiary Basalt Undivided Tyb K-97-12-4F-1 36.2663 -114.3918 12.23 ± 0.07 Ar-Ar Lake Mead Beard et al. (2007)
Tertiary Basalt Undivided Tyb K-97-12-5G-2 36.2897 -114.3696 12.33 ± 0.07 Ar-Ar Lake Mead Beard et al. (2007)
River Mountains Basalt Trmb JF-92-07 36.1043 -114.9222 12.292 ± 0.02 Ar-Ar Lake Mead Faulds et al. (1999)
Lovell Wash Basalt Thlb TV92-7 36.1775 -114.8145 13.33 ± 0.1 Ar-Ar Lake Mead Harlan et al. (1998)
Patsy Mine Volcanics Tpm 92-MIL-4 36.0111 -114.75 14.333 ± 0.03 Ar-Ar Lake Mead Faulds et al. (1999)
* = estimated location
Note: All Ar-Ar ages were recalculated using a Fish Canyon monitor age of 28.201 Ma (Kuiper 
et al., 2008) and a decay constant of 5.463E-10/yr (Min et al., 2000) 
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APPENDIX D: OBSERVING HEADWARD EROSION 

 

   

Appendix D. Plot of incision rates versus latitude along 4 tributaries of the Virgin River 
(Santa Clara River, East Fork Virgin River, North Creek, and Deep Creek) showing the 
headwater effect on incision rates. We use latitude as a proxy for location along the North-
South tributary (headwaters are at higher latitudes). Incision rates at the headwaters are near 0 
m/Ma. Incision rates rapidly increase downstream and then eventually level off to a steady 
rate. Outlying data points along North Creek (orange) are interpreted to show change along 2 
small scale faults. Outliers on Deep Creek (purple) may be caused by errors in the DEM as 
these data points lie within the steep narrow slot canyons.  
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APPENDIX E: BASIN AND RANGE TRIBUTARY PROFILES 

River profiles of White River Wash (WRW) and Meadow Valley Wash (MVW), 

located in the Basin and Range, consist of long shallow gradients and have broad 

convexities at similar elevations (~1500 m). Normalized channel steepness (ksn) along the 

BR tributaries show low average values upstream of the broad knickpoints (~40 m0.9) and 

generally increase downstream (~170 m0.9). Similar results along Fort Pearce Wash of the 

CP-TZ tributaries show a large difference in average ksn values upstream and downstream 

of knickpoint M, ~50 m0.9 and ~215 m0.9 respectively. 

White River Wash and Meadow Valley Wash, located in the BR province, have 

very low gradients in comparison to the remaining tributaries. However, the ksn analyses 

show that downstream extents of these two tributaries are relatively steep for the amount 

of upstream contributing area. We interpret the low gradient washes upstream of the 

broad convexities to represent pre-5 Ma gradients of internal drainages without recent 

uplift; steeper gradients downstream of these knickpoints may represent channel 

adjustments to integration of the BR tributaries with the VR at ~3 Ma. 
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APPENDIX F: CONTOUR MAP OF ALL BASALTIC VENTS 

   
Appendix F. A contour map of all known vent ages throughout the southeastern Virgin River 
drainage system showing the migration path of basaltic volcanism. The contours were 
generated using the ‘Topo to Raster’ interpolation method in ArcGIS. Red dots represent all 
known vent locations while yellow stars represent the oldest vent age within each 0.5 x 0.5 
degree grid. 
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APPENDIX G: MAP OF INCISION RATES 

  

  Appendix G. Digital elevation model and hillshade showing incision data point locations and 
rates. 
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APPENDIX H: AGE DISTRIBUTION PLOTS OF DETRITAL SANIDINE 
GRAINS <40 MA 
 

  
  

Appendix H. Age distribution plots of the top of the upper Muddy Creek formation (KCW17-
19) and the base of the upper Muddy Creek formation (KCW17-4 and KCW17-6). The two 
plots are relatively similar with the only major difference being the change in highest peak age 
from 20.56 (base of upper Muddy Creek) to 18.68 (top of upper Muddy Creek). This can be 
explained by a dilution of Pine Valley grains (20.56 Ma) as the Virgin headwaters moved east 
across the Hurricane fault, away from the Pine Valley mountains. 
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APPENDIX I: SMALL-SCALE VIRGIN RIVER DRAINAGE EVOLUTION 

Sentinel Landslide and Zion Narrows Knickpoint 

The largest knickpoint unrelated to an active fault, knickpoint F, lies along the East 

Fork Virgin River at the contact between the less resistant Kayenta formation and the 

more resistant Navajo Sandstone. If this knickpoint formed due to differing lithologies, as 

was interpreted above, we would expect a knickpoint similar in scale to exist at the same 

contact along the North Fork Virgin River; however, we observe no knickpoint at this 

location. A hypothesis to explain the history and formation/erasing of North Fork 

knickpoints begins ~5 ka, prior to the Sentinel landslide. Before the landslide, the North 

Fork and East Fork rivers both consisted of lithologically controlled knickpoints at the 

contact between Kayenta and Navajo formations (~1350 m) similar to the present 

knickpoint F. About 4.8 ka, the Sentinel landslide dammed the North Fork about 10 km 

downstream of the Kayenta/Navajo contact, forming Sentinel Lake within Zion canyon 

(Grater, 1945; Castleton et al., 2016). Castleton et al. (2016) give an approximate stable 

water elevation of 1345 m based on lake sediments deposited up to a maximum elevation 

of 1315 m. However, they state the lake may have reached a maximum height of 1445 m 

at one point. The deposition of lake sediments may have diminished a previous 

lithological knickpoint along the North Fork and created a new one downstream at the 

location of the landslide, knickpoint H. If this hypothesis is true, the Sentinel rock 

avalanche not only formed the wide, flat valley bottom of Zion Canyon (Grater, 1945); 

but it also erased a steep knickpoint that existed at the entrance to the Narrows and 

allowed easy access to the Riverside Walk trail found in Zion National Park. Without the 

rock avalanche, visitors would have to scale a ~60 meter cliff to enter the narrows from 
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the bottom, similar to Parunuweap Canyon (Labyrinth Falls) of the East Fork Virgin 

River. 

Santa Clara connection to Beaver Dam Wash 

 The Santa Clara river runs a unique course as it drains the northern flank 

of the Pine Valley mountains, wraps around the western flank and joins the Virgin River 

to the south (Fig. 1). This river also crosses the Gunlock fault two separate times. One 

hypothesis to explain this intriguing course begins >4 Ma. The Santa Clara river may 

have originated as a tributary to Beaver Dam Wash on the west side of the Beaver Dam 

mountains, headward eroding its way northeast and tapping into the Pine Valley laccolith 

>4Ma. Activity along Gunlock fault, west dropping normal fault, or stream capture by a 

headward eroding tributary of the Virgin River across the fault may have eventually 

caused the Santa Clara river to ultimately make a U-turn and flow southeast. To test this 

hypothesis, we could perform detrital sanidine analyses on lower Muddy Creek samples 

to see if Pine Valley grains (20.56 Ma) exist in the 4-6 Ma strata. If a 20.56 Ma peak 

exists in the lower Muddy Creek than this hypothesis would be supported. 
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APPENDIX J: AGE DISTRIBUTION PLOTS OF ALL DETRITAL SANIDINE 
GRAINS 
 

   
Appendix J. Age distribution plots showing all dated sanidine grains in the 3 samples dated in 
this study (KCW17-4, KCW17-6, and KCW17-19). Sample KCW17-19 (top of the upper 
Muddy Creek formation) is the only sample that contains Precambrian age grains. These older 
ages are expected to originate from the basement rocks that make up the core of the Virgin 
Mountains. These stratigraphically lower lying Precambrian rocks were not yet exhumed at 
the time of the first arrival of the Virgin River through the incipient Virgin Gorge. Hence, as 
incision of the gorge began, the youngest grains were deposited nearest the mouth of the 
Virgin Gorge (KCW17-6; Figure 13); and as incision of the gorge continued, older grains 
were deposited at higher stratigraphic levels within the Virgin Depression (KCW17-19; Figure 
13). 
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