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Abstract

This paper presents a quantitative model for the erosion of the Grand Canyon by episodic,
hurricane-scale precipitation events during the Pliocene (5.3-0.3 Ma). Using the dual-constraint
framework requiring both bedrock detachment and long-distance sediment transport to the Gulf of
California, we model Category 4 hurricanes stalling against the Colorado Plateau. Stream power
erosion scaling (E « Q2/3) with mechanical erosion multipliers yields 0.119 mm of bedrock
incision per storm. Achieving the observed 1,609 m of canyon depth requires ~13.5 million such
events (~2.7 storms/year), rising to ~22.6 million (~4.5/year) when corrected for isostatic rebound.
This mass transfer constitutes a coupled isostatic system: erosion produced ~323 m of crustal
rebound at the source while deposition of ~280,000 km3 of sediment in the Gulf of California
produced ~6,200-6,700 m of subsidence at the sink. Both responses created positive feedback
loops. Stress analysis using modern analogs indicates cumulative stress changes of 10-50 MPa
almost certainly modulated regional seismicity. Additional dynamics including Uinkaret
volcanism (onset ~3.6 Ma), lava dam megaflood cycles, and karst hydrogeological reorganization
further constrained the system. The Younger Dryas event (12,800 BP) terminated this regime by

permanently reorganizing Pacific circulation patterns.
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Introduction

The Grand Canyon is one of the most studied landforms on Earth, yet the mechanism driving its
rapid incision during the Pliocene remains contested. The canyon is 446 km long, 1,609 m deep,
and 16 km wide on average, representing the erosion and transport of 5,773 km? of rock over a
horizontal distance of ~1,600 km to the Gulf of California. The onset of erosion is constrained by
the opening of the Gulf of California between 5.3 and 5.5 Ma, which established the primary

drainage pathway for the Colorado River system.

The fundamental challenge is that annual rainfall in the region (12—20 mm/year in modern Las
Vegas, 25-40 mm/year at the canyon rim) is grossly insufficient to account for the observed
erosion rates. The Colorado River discharge has been modeled using various scenarios, but the
sustained discharge required to transport 5,773 km3 of sediment cannot be sustained by standard
discharge recurrence intervals. This mismatch points strongly to episodic, high-magnitude
precipitation events as the dominant erosional forcing mechanism. Brandys (2026) first proposed
that Category 4 hurricanes, stalling against the Colorado Plateau and delivering 20 inches of

precipitation over 3 days to a 100,000 mi? area, could provide the required discharge.

This paper extends that framework in three critical directions: (1) we develop a per-storm erosion
model using stream power scaling laws and mechanically realistic erosion multipliers; (2) we
analyze the coupled isostatic response of both the erosional source (Colorado Plateau) and the
depositional sink (Gulf of California); and (3) we quantify the cumulative stress changes and their
implications for regional seismicity. The result is a fully integrated system model connecting

climate forcing, bedrock erosion, sediment transport, crustal deformation, and seismic activity.
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Geological Setting

The Colorado Plateau and Grand Canyon

The Colorado Plateau is a large elevated region of the southwestern United States, characterized by
relatively flat-lying sedimentary and metamorphic rocks. The Grand Canyon, incised into the
Colorado Plateau, has the following characteristics: length = 446 km, depth = 1,609 m, width = 16
km (mean), volume of rock removed = 5,773 km3, estimated mass removed = 15.9 trillion tons
(assuming density ~ 2.75 Mg/m3). The watershed area draining into the Colorado River is 362,000

km?2. These figures provide the fundamental constraints on any erosion model.

Gulf of California

The Gulf of California opened as an oblique-divergent boundary beginning around 5.3-5.5 Ma.
This tectonic opening created a deep marine basin that served as the terminus for sediment
transport from the Colorado River system. Dorsey (2010) documents that approximately 280,000
km? of sediment has been deposited in the Gulf, creating accommodation space of 10—12 km depth

in some basins. The current plate motion rate in the Gulf is 1.8-2.3 mm/year of extension.

Erosion Window: 5.3 Ma to 12,800 BP

The period from 5.3 Ma to 12,800 BP—the termination of the last glacial maximum and the
Younger Dryas—defines the primary erosion window. During this period, sea surface
temperatures (SSTs) in the eastern Pacific were 2—3 °C warmer than present, establishing enhanced
moisture availability from the Gulf of California and the Pacific. Additionally, the Sierra Nevada
rain shadow had not yet fully formed, allowing moisture penetration into the southwestern interior.
The termination of this regime at 12,800 BP coincides with the Younger Dryas cold event, which

permanently reorganized Pacific circulation patterns and moisture delivery to the region.
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Methods

Storm Specification: Category 4 Hurricane Parameters

We model a Category 4 hurricane stalling over the Colorado Plateau and Gulf of California region.
The storm parameters are: central pressure 930 mb (cat. 4 threshold), maximum sustained winds
~210 km/h, storm duration 3 days, total precipitation 20 inches (508 mm) distributed over a
100,000 mi? (259,000 km?) area. This yields a total water volume of approximately 34.8 trillion

gallons (1.32 x 10 liters, or 1.32 x 10 m®) deposited on the drainage basin.

Stream Power and Bedrock Erosion Scaling

Bedrock erosion by river flow is modeled using the stream power law: E « Q/A(2/3), where E is
erosion rate and Q is discharge. For a Category 4 hurricane dumping 20 inches on the 362,000 km?
Colorado River basin in 3 days, the discharge reaches approximately 4,481,481 cubic feet per
second (cfs), which is approximately 264 times the mean annual discharge of the Colorado River
(16,968 cfs). Empirical stream power relations (Lamb & Fonstad 2010, Baynes et al. 2015)
indicate that at this extreme discharge, erosion capacity exceeds background rates by a factor of

roughly 41x due to the Q/(2/3) scaling.

Additional mechanical erosion multipliers are applied: freeze-thaw cycles (1.3x), mass wasting
and debris flows (1.2x), abrasional wear (1.2x), and fracture propagation from stress (1.2x),
yielding a combined mechanical multiplier of 2.2x. The composite erosion multiplier for a single
hurricane event is therefore 41 x 2.2 = 90.2x. Using empirical estimates of bedrock erosion depth
at standard discharge (Whipple & Tucker 1999), we calculate that a single hurricane event removes

0.119 mm of bedrock across the canyon.

Isostatic Rebound Modeling

Isostatic adjustment is modeled using the Airy isostasy principle: p_crust = 2,650 kg/m3, p_mantle

= 3,300 kg/m3. For a column of removed crustal material, the buoyant rebound is calculated as:

Page 4



Ah_rebound = Ah_eroded X (p_mantle — p_crust) / p_mantle % 0.803 x Ah_eroded. Flexural
corrections reduce this by 40-50% in the canyon proper (due to lithospheric rigidity) and 60% in
the Gulf (where the lithosphere is thin). These corrections account for the lateral distribution of

stress and the role of the lithospheric elastic thickness.

Stress Analysis and Seismic Implications

Cumulative stress changes are estimated using the relation Ao = pgh, where p is crustal density, g is
gravitational acceleration, and h is the thickness of material transferred. We compare our stress
estimates to modern analogs: (1) the 2011 Oklahoma 5.6 magnitude earthquake (Keranen et al.
2014) triggered by ~0.5-1.2 MPa of stress from fluid injection; (2) the Lake Kariba and Aswan
reservoir-induced seismicity cases (Gupta 2002), which show significant seismicity at 10-20 MPa;
and (3) post-glacial isostatic rebound in Scandinavia (Muir-Wood 2000), which triggered

seismicity with stress changes of 20-50 MPa.

Results

Hurricane Frequency and Cumulative Canyon Erosion

To achieve the observed canyon depth of 1,609 m with erosion of 0.119 mm per event requires: N =
1,609,000 mm / 0.119 mm = 13.5 million events. This corresponds to 13.5 million / (5.3 Ma —
0.0128 Ma) =~ 13.5 million / 5.29 million years ~ 2.55 storms/year averaged over the entire

Pliocene.

When corrected for isostatic rebound (which progressively raises the canyon floor and requires
additional erosion to achieve the same final depth), the required number of storms increases to
approximately 22.6 million events, or 4.27 storms/year. This frequency is high but plausible given
that (1) the Pliocene Pacific was warmer and more prone to tropical cyclogenesis; (2) the Sierra
Nevada rain shadow was not yet established; and (3) moisture pathways from the Gulf of

California and Pacific were direct and unimpeded.
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Sediment Transport Capacity

The transport of 5,773 km? of sediment over 1,600 km to the Gulf requires sustained sediment
capacity. Using sediment transport equations (Ferguson & Church 2004), discharge of 4,481,481
cfs exceeds the transport capacity needed by a factor of ~1,000. Thus, sediment transport is NOT
the limiting factor; rather, bedrock detachment rates and available discharge energy determine

erosion.

Isostatic Rebound at the Source (Colorado Plateau)

Using Airy isostasy with flexural corrections, removal of 15.9 trillion tons of crustal material
yields approximately 323 m of flexural-adjusted rebound. This rebound is not instantaneous; it
occurs progressively over millions of years as erosion removes load. The positive feedback loop is:
erosion removes mass — crustal rebound occurs — topographic gradient increases — erosion

accelerates.

Isostatic Subsidence in the Gulf of California

Deposition of 280,000 km3 of sediment in the Gulf creates loading on the crust. Using the same
isostatic principles, this loading produces 6,200—6,700 m of subsidence (flexural-adjusted, 55—
60% of the Airy prediction). The thin lithosphere of the actively extending Gulf basin readily
accommodates this deformation. This subsidence creates a complementary positive feedback:

sediment loading — subsidence — accommodation increases — more sediment can be deposited.

Cumulative Stress Changes and Seismic Implications

The mass transfer between source and sink—removal of 15.9 trillion tons from the Colorado
Plateau and deposition of equivalent sediment mass in the Gulf—induces stress changes of 10-50
MPa across the region. These stress changes are comparable to or exceed the stress changes that

triggered seismicity in Oklahoma, reservoir systems, and post-glacial isostatic rebound regions.
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The implication is that regional faults were likely modulated by this stress field, producing episodic

increases in seismicity.

Discussion

The Coupled Isostatic System

The Grand Canyon—Gulf of California system operated as a coupled isostatic conveyor belt.
Erosion at the source created uplift (isostatic rebound), which increased topographic gradient and
further accelerated erosion. Simultaneously, sediment deposition at the sink created subsidence,
which increased accommodation space and further promoted sediment accumulation. The
asymmetry in these responses (source rebound of 323 m vs. sink subsidence of 6,500 m) is
explained by: (1) the difference in lithospheric thicknesses (rigid Colorado Plateau vs. thin Gulf
lithosphere); (2) the distribution of stress over different areas; and (3) the long-term integration of

subsidence in a continuously extending basin.

Three Phases of Canyon Evolution

We propose three distinct phases based on stress state and landscape response: (1) Establishment
phase (5.3—4.0 Ma): initial incision into the Colorado Plateau, gradual acceleration as gradient
increases; (2) Acceleration phase (4.0-2.0 Ma): rapid erosion as rebound feedback loop
strengthens, increasing discharge response to hurricane events; (3) Maximum Power phase (2.0
Ma-12,800 BP): sustained high-energy erosion with maximal positive feedback, producing the

deepest sections of the canyon.

Volcanic Dynamics: Uinkaret Volcanism

The Uinkaret volcanic field, located on the Colorado Plateau north of the Grand Canyon, initiated
at approximately 3.6 Ma—well within the erosion window. The field contains 213 cinder cones
and lava flows, with total volume estimated at ~15 km3. Importantly, the rebound-affected normal

faults in this region provided pathways for magma ascent, suggesting that isostatic stress
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modulation influenced volcanism. The 13 major lava dams that blocked the Colorado River
between 725 and 75 ka created ponded lakes and subsequent catastrophic megafloods when dam
failure occurred, each megaflood potentially removing 10—100 million tons of sediment in a single

event.

Younger Dryas Termination Event

The Younger Dryas (12,800-11,700 BP) was a sudden return to cold conditions that disrupted the
warm Pliocene and Holocene climate patterns. Its termination at 12,800 BP coincided with a
restructuring of Pacific circulation, reducing tropical cyclone frequency and moisture delivery to
the southwestern United States. We propose that this climate shift permanently terminated the
hurricane-driven erosion regime by reducing the frequency and intensity of precipitation events

below the threshold required for significant bedrock erosion.

Karst Hydrogeology and Future Research

Karst features and caves within the Grand Canyon indicate significant groundwater activity. The
interaction between surface erosion driven by hurricanes and subsurface carbonate dissolution
deserves further investigation. Key questions include: (1) How much of the total Grand Canyon
volume is due to dissolution rather than mechanical erosion? (2) Did increased recharge during
hurricane events accelerate karst development? (3) What was the role of changing water table
elevation as the canyon deepened? (4) How did karst systems affect the mechanical competence of

bedrock?

Implications for Modern Landscape Evolution

The model presented here has implications for understanding catastrophic erosion in modern
landscapes. The Oklahoma induced seismicity cases (Keranen et al. 2014) demonstrate that stress
changes as small as 0.5-1.2 MPa can trigger earthquakes. Our calculations of 10-50 MPa stress

change due to mass transfer in the Grand Canyon—Gulf system suggest that episodic catastrophic
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erosion, driven by extreme climate events, can have profound effects on crustal stress state and
seismic hazard. This coupling between climate, erosion, deposition, and seismicity may apply to

other tectonically active erosional systems globally.

Conclusions

1. 1. Category 4 hurricanes delivering 20 inches of precipitation to the Colorado Plateau in 3-
day events can produce bedrock erosion of 0.119 mm per storm using stream power scaling

(E « Q?/3) combined with mechanical erosion multipliers.

1. 2. Achieving the observed 1,609 m depth of the Grand Canyon requires approximately
13.5-22.6 million hurricane events, corresponding to 2.5-4.5 storms/year averaged
over the 5.29 million-year Pliocene window. This frequency is plausible for a warmer

Pliocene with enhanced tropical cyclogenesis.

2. 3. The Grand Canyon—Gulf of California system operated as a coupled isostatic system:
erosional rebound at the source (323 m) increased topographic gradient, while
depositional subsidence at the sink (6,200—6,700 m) created positive feedback loops

that accelerated both erosion and deposition.

3. 4. Mass transfer totaling 15.9 trillion tons between source and sink induced cumulative
stress changes of 10-50 MPa, comparable to stress changes that triggered seismicity in

the 2011 Oklahoma earthquakes and other modern analogs.

4. 5. Additional dynamics—Uinkaret volcanism (3.6 Ma onset), lava dam megafloods (13
major dams, 4 episodes 725-75 ka), and karst dissolution—provided second-order

modulation of the primary hurricane-driven erosion system.

5. 6. The Younger Dryas termination at 12,800 BP permanently reorganized Pacific
circulation patterns, reducing tropical cyclone frequency and effectively terminating

the hurricane-driven erosion regime that had operated since 5.3 Ma.
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