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DISSERTATION ABSTRACT 

 

Subsidence, Exhumation, and Overpressure of the Fish Creek Vallecito Basin 

Within the Northern Gulf of California Rift   
 

 

The Fish Creek Vallecito basin (FCVB) provides an extensive and continuous exposure of strata 

equivalent to the modern Salton trough rift basin in the northernmost Gulf of California. The 

FCVB exposes a continuous ~6 km thick sedimentary section deposited between 8 and 1 Ma. 

However, compaction of strata in the FCVB appears inconsistent with ~6 km burial, requiring an 

alternative structural and depositional model and/or anomalously high pore-pressure conditions. 

To test these hypotheses, I present geologic mapping that documents new fault strands and 

associated stratigraphic facies changes between FCVB and the Vallecito Mountains. I show that 

basin subsidence was partitioned across two normal fault hanging walls: the newly identified 

Proto-Vallecito fault, active from ~8 to 4.4Ma, and the West Salton Detachment fault, which 

accelerated after ~4.4 Ma and ceased activity at ~1 Ma. My structural model reduces the total 

burial depth required of the FCVB section from ~6 km to a maximum of ~4 km and requires 

significantly lower and less rapid exhumation than previous models. I validate my structural 

model using (U-Th)/He (AHe) thermochronology. Preservation of detrital age signatures and 

sparse AHe ages younger than the depositional ages imply that temperature at the base of the 

FCVB section may not have exceeded the AHe partial retention zone (<~55-80°C). To extract 

additional information from the AHe data, I use a combination of forward and inverse modeling 

to constrain post-depositional thermal histories while considering the effects of radiation damage 

and detrital inheritance. From the dates and modeling, I determine that maximum burial 

temperature of the FCVB was about 80-90°C and confirm that the burial depth of the exhumed 
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section was likely ≤4km. Best-fit thermal histories from inverse modeling are consisted with 

uplift and tilting commencing as early as 4Ma, when activity shifted to the West Salton 

Detachment, and 3 Myr prior to the onset of transpression at 1.2 Ma. Using this newly 

established structural context, I use a one-dimensional model of basin deposition and compaction 

to test for overpressure conditions in the FCVB. The model results show that overpressure 

conditions likely developed here due to both rapid sedimentation and the presence of low 

permeability caprock layers. Such overpressure conditions may be present in the modern Salton 

Trough, promoting earthquake triggering and fault creep in this region. 
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CHAPTER 1 

Evidence for partitioned subsidence of the Fish Creek-Vallecito basin in the Salton Trough, 

Northern Gulf of California 

ABSTRACT 

Exposures along the Gulf of California provide a rare insight into early continental margins prior 

to burial by passive margin depositional processes. The late Miocene to Pleistocene Fish Creek 

Vallecito Basin (FCVB), a subbasin of the Salton Trough in the northern Gulf of California, is a 

key reference section for major events like the arrival of the Colorado River to the Gulf of 

California and provides an extensive and continuous exposure of strata equivalent to the 

modern Salton trough. This study uses geologic mapping and stratigraphic facies changes 

between Fish Creek Wash and the Vallecito Mountains to examine the structural controls of 

subsidence of the FCVB, the magnitude of subsidence, and the mechanism and amount of 

uplift. The proto-Vallecito fault is identified and mapped, new basin-margin units are added to 

the FCVB stratigraphy, and an updated structural history for the FCVB is proposed. This new 

mapping and stratigraphy show that FCVB subsidence was partitioned across two normal fault 

hanging walls, the proto-Vallecito fault from ~8-4.4 Ma and the West Salton Detachment fault 

from ~4.4 (or older) to ~1 Ma. This partitioning reduces the total burial depth of the FCVB 

section along Fish Creek Wash to ~4 km, and the updated structural model requires significantly 

lower exhumation rates and magnitudes than previous structural models. These updates bring 

the structural history in better alignment with prior stratigraphic observations.  
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INTRODUCTION 

The Gulf of California is one of the few localities actively transitioning from continental 

rupture to seafloor spreading. It provides a rare insight into what early continental margins look 

like before they are deeply buried by passive margin depositional processes (Axen and Fletcher, 

1998). The Salton Trough, which is the northern portion of the Gulf of California rift, is 

characterized by rapid deposition from the Colorado River Delta that initiated almost 

immediately after rifting began (Dorsey et al., 2011). As a result, the new crust formed here is 

transitional and composed mostly of sediment with some magmatic crust (Fuis et al., 1984; 

Dorsey et al., 2007; Han et al., 2016). The Fish Creek-Vallecito basin (FCVB), a subbasin of the 

Salton Trough, preserves a 5.5 km thick, late Miocene to Pleistocene sedimentary archive of the 

formation of the Salton Trough and northern Gulf Extensional Provence, including the 

introduction of Colorado River-derived sediment, and the transition from rifting to strike-slip 

faulting through the Peninsular Ranges in the past 1.2 Ma (Figure 1.1, Dorsey et al., 2011, 

2012).  

The FCVB is a key reference location for understanding major events like the Gulf of 

California marine incursion, the arrival of the Colorado River to the Gulf of California, and 

ultimately, the formation of landmarks like the Grand Canyon. The FCVB section also provides 

an extensive and continuous exposure of strata equivalent to the modern stratigraphy and 

depositional setting in the Salton trough. The FCVB thus offers an opportunity to understand 

sedimentary and, by proxy, hydrologic conditions at seismogenic depths in the Salton trough 

without the need for expensive deep drilling projects. Several major fault zones, like the San 

Andreas, San Jacinto, Elsinore, Imperial, etc., are located in or near the Salton trough, so 
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understanding how the depositional setting affects fault behavior is important for 

understanding fault mechanics as well as seismic hazards. 

The purpose of this study is to understand the structural controls of subsidence of the 

FCVB and, from this information, constrain the mechanism and amount of uplift that has 

occurred since basin deposition ceased ca. 0.9 Ma. This problem is important for confirming if 

this exposure reveals part of the upper seismogenic zone (>4 km depth, Harris, 2017; Ross et 

al., 2019), analogous to the presently active San Andreas fault and other faults present within 

the Salton Trough. Dorsey et al. (2012) proposed that the entire 5.5 km of FCVB strata were 

deposited in the hanging wall of the West Salton Detachment fault (Model1, Figure 1.2), a 

major rift-bounding low-angle normal fault (Shirvell et al., 2009 and references therein). In 

contradiction to this model, the lower marine part of the FCVB section contains proximally 

derived coarse sediments from upper-plate basement rocks of the Vallecito Mountains and Fish 

Creek Mountains. This observation suggests that the FCVB may have been deposited over a set 

of basin-and-range style normal faults (Model2, Figure 1.2) rather than only in the hanging wall 

of the West Salton Detachment fault.   

Model 1 assumes relatively consistent stratigraphic thickness throughout the basin and 

thus implies 5.5 km of burial (Figure 1.2). The compaction of strata in the FCVB appears 

inconsistent with ~5.5 km burial, requiring an alternative structural model, anomalously high 

pore-pressure conditions, or both. In its present-day configuration, the FCVB exposes a 

complete section from basement rocks to Quaternary sediments. Model 1 suggests that 5.5 km 

of strata and underlying basement rocks were uplifted and eroded in the last 1.2 million years 

at a rate of >4 mm/yr. Such rapid exhumation rates are unusual, and as such, one would expect 
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to find significant shortening structures underlying the basin to explain this rapid uplift. 

Alternatively, if the basin was deposited over multiple normal faults, as shown in Model2, the 

depth of burial may have been much less than the total sediment thickness, reducing the 

amount of subsequent uplift and erosion required.  

To address the structural controls for subsidence and uplift of the FCVB, I present new 

geologic mapping of the basin between Fish Creek Wash and the Vallecito Mountains, focused 

along the present-day left-lateral Vallecito fault. This work 1) redefines the stratigraphy 

proximal to the Vallecito fault, 2) documents the presence of a proto-Vallecito normal fault 

through outcrop exposures and stratigraphic relationships, and 3) provides an updated and 

detailed structural analysis of the FCVB. I conclude that the lower basin strata interfinger with 

facies derived from the foot wall scarp of the proto-Vallecito fault, indicating that it originated 

as one of a set of Mio-Pliocene normal faults that controlled early basin subsidence. This proto-

Vallecito fault may have acted as an early breakaway of the West Salton detachment fault, 

partitioning FCVB subsidence into at least two subbasins and allowing for reduced (<5.5 km) 

burial of the lower FCVB section. I also compile my mapping with adjacent mapping (Todd 1977; 

Winker and Kidwell, 1996; Dibblee 1996; Kairouz, 2005; Shirvell, 2006; and Dorsey et al., 2012) 

to produce a uniform, detailed geologic map of the northern FCVB. On the basis of this 

mapping, I conclude that the uplift and exhumation of the FCVB could have been accomplished 

through the observed folding and tilting of basin strata, without a need to invoke a large 

amount of reverse motion on faults east of the FCVB.  
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BACKGROUND 

Tectonic Setting 

The FCVB is located ~35 km southwest of the Salton Sea and about 40 km north of the 

US-Mexico border in the Salton Trough (Figure 1.1). The region marks an important transition of 

the Pacific-North American plate boundary, where the southern San Andreas fault system 

(SAFS) ends and the Gulf of California extensional province (GEP) begins. Throughout the GEP 

there are a series of right-lateral faults connecting rift segments that have been 

accommodating nearly all of the plate boundary motion in this region since ~6Ma (Oskin et al., 

2001; Oskin and Stock, 2003; Bennett and Oskin, 2014). In the southern Gulf of California, 

extension has progressed to seafloor spreading with magnetically lineated oceanic crust (Larson 

et al., 1968; DeMets, 1995). In the northern Gulf of California continental rupture is recent, and 

most of the crust is not-yet broken but extremely thinned from extension (Martin-Barajas, 

2013; Han et al., 2016; van Wijk et al., 2019).  

The Salton Trough comprises the Coachella Valley, Salton Sea, Imperial Valley, and 

Mexicali Valley. The Salton Trough began as a normal-fault-bound, terrestrial basin that 

transitioned to an evaporitic basin around 7 Ma, eventually becoming a marine basin around 6 

Ma due to breaches in overlapping extensional basins during the development of the Gulf of 

California Seaway (Umhoefer et al., 2018). The Salton Trough was then translated north via the 

San Andreas fault system, eventually passing through the axis of the Colorado River Delta to its 

present-day location (Dorsey et al., 2011). The Salton Trough is now the northern onshore 

equivalent to the Gulf of California (Han et al., 2016), with several right-lateral strike-slip faults 
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separated by extensional stepovers. Early extension in the Salton Trough was accommodated 

on the Miocene-Pleistocene active low-angle West Salton Detachment fault, with total 

displacement estimated at 8-10km (Shirvell et al., 2009; Dorsey et al., 2011). At ~1.2 Ma 

(Dorsey et al., 2012), right-lateral faults initiated within the Salton Trough to the west of the 

San Andreas fault, including the San Felipe fault, the San Jacinto fault, and the Elsinore fault. 

These strike-slip faults crosscut and offset exposures of the West Salton Detachment and 

remain active today as part of the southern San Andreas fault system.  

The FCVB is situated north of the Elsinore fault system and south of the San Felipe and 

San Jacinto fault systems and, along with the surrounding mountain ranges, contains exposures 

of the West Salton Detachment along its western and northern margins (Figure 1.1. In the FCVB 

there are active right-lateral faults trending northwest-southeast, parallel to the major right-

lateral faults, as well active left-lateral faults oriented approximately perpendicular to the right-

lateral systems (Dorsey et al., 2012; this study). There are three important faults surrounding 

the eastern, basal exposures of the FCVB: the Vallecito fault, the Split Mountain fault, and the 

Fish Creek Mountain fault. The Vallecito fault is an active, northeast-striking fault that hosts 

scarps indicative of recent left-lateral slip (Dorsey et al., 2012; this study). In this study, I show 

that the Vallecito fault had an earlier extensional history. The Split Mountain fault has 

undefined slip direction that occurs along a strike from the Split Mountain Anticline within the 

Fish Creek Mountains. The Fish Creek Mountains fault bounds basement exposures east of the 

FCVB. This fault is enigmatic; its age, current level of activity, and sense of motion, both now 

and in the past, are not well documented. The FCVB strata are folded into west-plunging 

anticline-syncline pairs with wavelengths decreasing from ~5km to ~1 km from south to north. 
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The Split Mountain anticline, located at the northeastern end of Split Mountain Gorge, is a 

member of this fold set and exposes the lowest part of the FCVB strata and basement rocks in 

its core. The youngest and uppermost part of the FCVB stratigraphy (≤1.2 Ma), located in the 

southwestern FCVB, displays fanning dips indicative of tilting after ~1.2 Ma (Dorsey et al., 

2012).  

Prior Mapping in the FCVB 

The geology of the FCVB and surrounding region has been studied since the mid-1900s 

(Figure 1.3), with early mapping by T.W. Dibblee conducted in the 1940s (available in Dibblee 

1996). Prior mapping in this region exists at a variety of scales. The southern part of the region 

lies on the El Cajon USGS 30’x60’ quadrangle (Todd, 2004). The top half lies on the Borrego 

Springs 30’x 60’ quadrangle that is in the process of being mapped by the California Geological 

Survey. As part of that mapping effort, there are 7.5’ quadrangles with preliminary geologic 

mapping, including the Agua Caliente Springs quadrangle (Todd, 1977) from which some of the 

lines, foliation measurements, and unit labels used in the compilation were derived. Detailed 

prior mapping focused on the basin strata was conducted by Woodard (1963), by Kerr (1982; 

1984, et al., 1979), and by Winker (1987; and Kidwell, 1996) in the late 1970s-early 1980s. 

These detailed maps were focused on documenting the stratigraphic history of the FCVB, and 

those papers set the nomenclature that most authors use in the area today. The map by Winker 

and Kidwell (1996) used in this compilation was made at 1:12,000 to 1:20,000 using USGS 

topographic base maps and aerial photographs. Later detailed mapping includes two master’s 

theses by Kairouz (2005) and Shirvell (2006) at scales of 1:12000 and by Dorsey et al. (2012) at 

scales of 1:10,000-20,000, also using a topographic base and aerial photographs. Figure 1.4 
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shows how the map units for this compilation were broken out or combined overtime by the 

authors of the maps used and by this study. This study attempts to reconcile differences in map 

units between the compiled maps, especially where new units were defined outside of the 

canonical stratigraphy described below. These differences were reconciled into the map units 

presented here through detailed reading of the descriptions, inspection of available field 

photographs and diagrams, and field checking where possible. The abbreviated descriptions of 

map units are in Plate 1. 

Stratigraphic Overview 

Sediments in the FCVB have two sources. The first is the surrounding higher topography 

of the Peninsular Ranges (local or L-suite), and the second is the Colorado River (C-suite). L-suite 

sediments are plagioclase-rich and typically contain small pebbles and coarse sand of crystalline 

rocks, mostly tonalite, from the Peninsular Ranges batholith and associated metamorphic 

framework rocks, as well as fragments of volcanic rocks and reworked nonmarine sediments 

capping the range (Winker and Kidwell, 1996). L-suite beds are often slightly darker in color 

compared to C-suite beds. C-suite sediments are distinguished by well-rounded and well-sorted 

grains with orange to red hematite coatings. C-suite marine siltstone and claystone are 

generally gray or pale yellow (Winker and Kidwell, 1996). Colorado River sediments first 

appeared in the FCVB at 5.3 Ma (Dorsey et al., 2007; 2011). Crow et al. (2021) proposes a later 

arrival of Colorado River sediment at 4.80-4.63 Ma; however, this younger date requires 

stratigraphic duplication by faults cutting the FCVB that is not yet documented. Significant 

deposition of Colorado River-derived sediments into the FCVB continued until about ~2.8 Ma 

(Dorsey et al., 2011). Inter-fingering of Colorado River-derived and local sediments occurred 
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during the early and late phases of Colorado River deposition in the FCVB (Winker and Kidwell, 

1986; Dorsey et al., 2007, 2011). As Colorado River deposition progressed, the depositional 

setting transitioned from marine to fluvial deltaic with progradation of the Colorado River delta 

and tectonic translation past the river mouth, which is fixed to the North America plate at 

Yuma, Arizona (Winker and Kidwell, 1986; Dorsey et al., 2007, 2011). This transition in 

depositional setting accompanied a transitional return to locally sourced units. The FCVB strata 

are also characterized based on facies – proximal facies, which I interpret as foot-wall scarp 

derived, and distal facies. Most distal facies are C-suite, and all proximal facies are L-suite, but 

some L-suite units are proximal, and others are distal. This division is imperfect and subjective 

because of the inherently transitional and gradational nature of facies changes within the basin. 

With that caveat, these distinctions are a useful way of describing and classifying the units 

mapped in the FCVB.  

The FCVB strata are a 5.5-6 km thick succession of southwest-dipping late Miocene (~8 

Ma) to Pleistocene (<0.8 Ma) (Dorsey et al., 2011, 2012) rocks canonically divided into three 

Groups: the Split Mountain Group, the Imperial Group, and the Palm Spring Group as defined 

by Winker (1987) and Winker and Kidwell, (1996) and others. Most of the stratigraphic 

nomenclature used in describing these suites of basin strata is from Winker (1987) and Winker 

and Kidwell (1996). Similarly, the stratigraphic descriptions are primarily from Winker (1987) 

and Dorsey et al. (2011), and stratigraphic thicknesses are from Dorsey et al. (2011). Figure 1.3 

shows the evolution and development of FCVB stratigraphy and nomenclature from 1951 to 

1996. This study adds additional units to the stratigraphy with a focus on proximal facies. The 
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previously reported stratigraphy will be described following a northeast to southwest transect 

up section and approximately parallel to Fish Creek Wash. 

Crystalline Rocks and pre-FCVB Conglomerate and Breccia  

The Vallecito Mountains, Fish Creek Mountains, and the FCVB basement rocks are all 

Paleozoic to early Mesozoic meta-sedimentary and early Cretaceous meta-volcanic rocks 

intruded by the eastern Cretaceous Peninsular Ranges batholith. The lower plate rocks in the 

foot wall of the West Salton detachment fault and the Vallecito fault are mostly Late 

Cretaceous La Posta pluton (Todd, 1977). This mostly tonalite pluton intruded the Granite 

Mountain pluton and Paleozoic to Jurassic metasedimentary rocks that occur as relatively 

spatially limited outcrops of schist and gneiss. These crystalline rocks will be referred to 

collectively as the basement. Where stratigraphic units are in depositional contact with 

basement rocks (nonconformities), there is often a thin layer of grus (gs) at the base of the 

strata. 

Perched on the crystalline basement in the Vallecito Mountains is a conglomerate, 

interbedded with coarse-grained sandstone that has gravel-sized Eocene Poway type clasts 

(pcgl; Kairouz, 2005; Abbott and Smith, 1978; Kies and Abbott, 1983). Below parts of this 

conglomerate is a grus layer. Unit pcgl is interpreted by Kairouz (2005) as braided stream 

deposits that include reworked grus. Kairouz (2005) also describes four breccias located east of 

Whale Peak in the Vallecito Mountains. Two of these breccias (Tbx1&2), located northeast of 

Hapaha Flat, are interpreted stratigraphically as Neogene rock fall deposits that sit 

unconformably on pcgl, however there is no independent age control for these units (Kairouz, 
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2005). The other two breccias (Tbx3&4) described by Kairouz (2005) are located near the 

southeastern end of the Vallecito fault and will be described with the basin stratigraphy below. 

In this study, the breccias described by Kairouz (2005) are mapped as four distinct map units 

due to a lack of certainty in correlating these breccias with other map units. Further 

investigation focused on these breccia outcrops could allow for unit correlation and grouping.  

FCVB stratigraphy, as previously documented along Fish Creek Wash 

The Split Mountain Group (Miocene) is composed of nonmarine L-suite clastic 

sedimentary rocks and is divided into the Red Rock Formation, the Elephant Trees Formation, 

and the lower megabreccia. The mid-Miocene Red Rock Formation, composed of alluvial and 

eolian sandstone, is, according to Winker and Kidwell (1996), exposed as a small sliver in the 

core of the Split Mountain anticline in Split Mountain Gorge. The late Miocene Elephant Trees 

Formation is an alluvial fan conglomerate with sandstone derived from proximal alluvial fans 

plus distal alluvial fans and streams. In the Split Mountain area, the Elephant Trees Formation is 

about 500 m thick, thinning to the east (Dorsey et al., 2011). Paleomagnetic dating puts the 

Elephant Trees at ~8-6.5 Ma (Dorsey et al., 2011). Within the map area, the Elephant Trees 

Formation consists of boulder conglomerate with thick debris flow beds to ripple laminated 

sandstone and siltstone and is interpreted to be alluvial fan deposits (Kerr 1982, 1984; Winker 

and Kidwell, 1996). Some previous studies differentiated the Elephant Trees fan conglomerates 

based on color (e.g. Kerr 1982, 1984), but Winker (1987) maps them as a single unit with upper 

and lower subunits. Winker’s upper Elephant Trees Formation is described as being laterally 

continuous with the transitional unit in the lower Lycium member. The arbitrary boundary 

between transitional Lycium and Elephant Trees is placed at Split Mountain Gorge on maps by 
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Winker (1987). The Elephant Trees Formation was broken out into three different units by 

Shirvell (2006): Elephant Trees, lower sandstone member (Me1) is an arkose sandstone 

interbedded with gritty sandstone. Elephant Trees, conglomerate member (Me2) is a clast-

supported cobble to large boulder conglomerate. And Elephant Trees, upper sandstone 

member (Me3) is a well-bedded course debris-flow sandstone interbedded with pebbles and 

with boulder conglomerate in medium-grained sandstone. It is likely that Shirvell’s (2006) lower 

sandstone member is equivalent to the Red Rock Formation mapped in Split Mountain Gorge 

(Winker 1987) and described by Winker and Kidwell (1996). The Red Rock Formation described 

in Winker and Kidwell (1996) is interpreted to be a sandstone, possibly channel filling, between 

basement rocks and rift-related alluvial fan conglomerates. For the purposes of this map 

compilation, I use the more recent nomenclature and include the lower sandstone as part of 

the Elephant Trees Formation (Me1) (Figure 1.4). Shirvell (2006) maps a basal grus unit below 

the lower sandstone member, which I incorporate into the Me1 map unit. I also group the 

conglomerate member and upper sandstone member described by Shirvell (2006) into one map 

unit (Me2+3). The late Miocene lower megabreccia is a long-runout nonmarine landslide-

derived megabreccia sourced from the Vallecito Mountains (Kerr and Abbott, 1996), the 

thickness of which varies along strike but is ~50 m thick in Split Mountain Gorge. 

The Imperial Group (late Miocene-early Pliocene) is composed of both L-suite and C-

suite marine fossiliferous clastics, limestones, and evaporites, and is divided into the Fish Creek 

Gypsum, the Latrania Formation, and the Deguynos Formation. The Fish Creek Gypsum is a thin 

layer of marine gypsum and anhydrite separating the lower megabreccia in the Split Mountain 

Group from the Latrania Formation in the Imperial Group. The late Miocene to early Pliocene 
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Latrania Formation is a ~350 m thick exposure of L-suite marine clastics and has five members 

exposed in the FCVB: the Lycium member, the upper megabreccia, the Wind Caves member, 

and the Stone Wash member (Winker and Kidwell, 1996). The Lycium member is ~100 m thick 

and composed of L-suite marine turbidite-like sandstone with conglomerates. The upper 

megabreccia is a long-runout marine subaqueous landslide megabreccia sourced from the Fish 

Creek Mountains (Rightmer and Abbott, 1996) and is <50 m thick, although thickness varies 

along strike. The Wind Caves member is ~150 m thick and composed of interbedded C-suite and 

L-suite turbidite sandstones, with a greater proportion of L-suite derived sediments towards the 

base of the member. This unit represents the oldest recognized input from the Colorado River 

into the FCVB. The early Pliocene Deguynos Formation is a ~1050 m-thick deltaic succession of 

C-suite marine clastics. The Deguynos Formation is traditionally divided into the Mud Hills 

member, the Yuha member, and the Camel’s Head member, based on facies changes consistent 

with Colorado River delta progradation: The Mud Hills member is the prodelta offshore marine 

facies, the Yuha member is the marine delta platform, and the Camels Head member is the 

marginal marine delta front. Winker and Kidwell (1996) map and describe an additional unit, 

the Lavender Canyon member, which is a delta front marine sandstone within the Deguynos 

Formation. The Stone Wash member is a time-transgressive unit consisting of conglomerate 

with L-suite sandstone that is laterally continuous with the Lycium member, the Wind Caves 

member, and the Mud Hills member. Proximal facies of the Stone Wash member are 

fossiliferous, while distal facies tend to be fossil-poor sediment gravity flows. The Jackson Fork 

member is a marginal marine L-suite sandstone and conglomerate mapped as laterally 
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continuous with the Camels Head member and the base of the Palm Spring Group by Winker 

(1987). 

The Palm Spring Group (mid Pliocene-early Pleistocene) is composed of nonmarine 

clastics with the transition out of C-suite sediments occurring near the base of the Group. It is 

divided into the Diablo Formation, the Olla Formation, the Tapiado Formation, the Hueso 

Formation, the Borrego Formation/Bow Willow Beds, and the Canebrake Conglomerate. The 

Diablo Formation (also referred to as the Arroyo-Diablo) is ~1000 m thick C-suite fluvial 

sandstone, siltstone, and claystone deposited as part of the nonmarine Colorado River deltaic 

succession. The Olla Formation is ~1400 m thick, interbedded C-suite and L-suite fluvial 

sandstone, siltstone, claystone, and conglomerate; the thickness of this unit is known to vary 

along strike, and much of the Olla Formation is laterally continuous with the Diablo Formation. 

Together, the Diablo and Olla Formations are the youngest C-suite units in the FCVB. The Hueso 

Formation thickness varies but is, on average, 700m, and it is composed of fluvial L-suite 

sandstone with siltstone and conglomerate. The Tapiado Formation also has variable thickness 

and is an L-suite lacustrine deposit containing two layers of tuff that are 2.6 and 2.65 Ma 

(Dorsey et al., 2011). The Tapiado Formation is laterally continuous with the Hueso Formation. 

The Canebrake Conglomerate consists of alluvial fan and scarp-derived landslide deposits and is 

an L-suite conglomerate laterally continuous with the Hueso, Tapiado, and Olla Formations. The 

age of the Canebrake Conglomerate spans essentially the entirety of the Palm Spring Group.  
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Quaternary Units 

Non-bedrock Quaternary units include suites of terraces throughout the basin, alluvial 

fans along the range fronts, and alluvium in washes with ephemeral flow. There are a few 

generations of significant terraces, all of which are composed of gravels of varying thicknesses 

that cover the bedrock units. On some of these terraces, there are Poway-type clasts. In the 

study area, the terraces generally grade away from the Vallecito Mountains and into the center 

of the FCVB. Based on preliminary observations, the terraces do not seem to be strongly tilted. 

A Quaternary monolithic breccia with chloritically altered tonalite (Qbx) defined by Kairouz 

(2005) is mapped along the western margin of the Vallecito Mountains near Whale Peak.  

Structures  

 The Vallecito Fault is previously mapped as an east-dipping or near-vertical fault with 

left strike-slip and/or oblique dip-slip motion (e.g., Kerr, 1982; Winker 1987; Winker and 

Kidwell, 1996; Shirvell, 2006; Dorsey et al., 2012). Previous studies speculated on the 

importance of the Vallecito Fault for early FCVB deposition, especially with respect to the 

Elephant Trees Formation (e.g. Kerr 1982; Shirvell 2006; Shirvell et al., 2009) and to explain why 

the timing of rapid subsidence on the WSDF is ~3 Ma younger than the oldest FCVB strata. 

However, a normal-fault trace for the Vallecito fault was not documented, and the Quaternary 

active trace seems to contradict the paleocurrent indicators from the basal units in the section 

(Kerr, 1982; Winker and Kidwell, 1996). Geologic observations that favor the Vallecito fault 

playing a role in early FCVB deposition are the stratigraphic thickening of the Elephant Trees 

and other alluvial fan conglomeratic facies towards the Vallecito range front while also thinning 
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to the east and the presence of locally sourced coarse deposits interfingering with the deltaic 

sequence in a ribbon roughly parallel to the range front.  

 The east-dipping West Salton detachment fault (WSDF) occurs as a series of 

discontinuous sinuous traces throughout the western half of the map area. The WSDF is cut and 

separated by younger faulting in the region, particularly by the Elsinore fault zone. All of the 

stratigraphy described in this study with the exception of Quaternary surficial units, occurs in 

the hanging wall of the WSDF. 

 There are two previously mapped regions with west plunging folding. The first occurs in 

the base of the section in Split Mountain Gorge and consists of the Split Mountain anticline-

syncline pair. The core of the Split Mountain anticline exposes crystalline basement rocks. The 

Split Mountain folds occur along strike from the Split Mountain fault and the Gypsum Quarry 

fault. The northwest to south striking Split Mountain fault has crystalline basement rocks and 

subsequent FCVB strata occurring on its southwestern side. The second region of folding occurs 

in the middle upper part of the section in the Palm Springs Group and is located southeast of 

Whale Peak and West of the southern tip of the Vallecito fault. These folds are also west 

plunging, and their wavelengths decrease from 5 km to 1 km from south to north. 

 

METHODS 

Geologic mapping for this study was conducted in the field on lidar-derived topographic maps 

at a scale of 1:10,000 (USGS 2021, 3DEP). The map compilation and digital preparation were 

done using GIS (Geographic Information System) software and are at a scale of 1:12,000. The 
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compilation mapping was field checked and verified with high-resolution topography from lidar 

(USGS,2021, 3DEP) and full-color aerial photographs (USDA-FSA-APFO, 2016, NAIP). Structural 

analysis using stereonets and the creation of a geologic cross-section supplement support the 

interpretations made from the mapping.  

 

RESULTS 

Stratigraphy 

The stratigraphy described above is based on a combination of units and descriptions 

from Winker and Kidwell (1996), Kairouz (2005), Shirvell (2006), and Dorsey et al. (2012). Each 

time the FCVB near the Vallecito Mountains and Whale Peak was mapped by a new author, 

additional coarse, proximal facies were broken out, especially towards the bottom of the 

section. This study correlates unit descriptions across maps and breaks out a new set of units 

(Figure 1.4), several of which are time transgressive. 

I define new units along the Vallecito fault toward the base of the FCVB section. These 

units are described below and are a zone of tectonically brecciated crystalline basement, 

sedimentary breccia (sbx), a megabreccia (mbx), and a unit of interbedded silt and 

conglomerate, herein named the silty Stone Wash member (ssw). I also revisit and expand the 

definitions for the Stone Wash and Jackson Fork Members. These units are time-transgressive, 

locally sourced, range-front mantling and foot-wall scarp-derived deposits that generally strike 

parallel to the range front (broadly northeast) and dip to the southeast. These units interfinger 

with the canonical stratigraphy, a relationship that is clearly documented at and above the 
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Lycium member but is difficult to document with clear contacts at the base of the section 

where the Elephant Trees and the sedimentary breccia are nearly indistinguishable. The relative 

stratigraphic relationships of these units in the lower FCVB are shown in Figure 1.5, and their 

locations within the FCVB are on Plate 1.  

Proximal to the Vallecito range, where the Elephant Trees Formation and the Lycium 

Member are in contact with each other rather than separated by the lower megabreccia, I 

mapped the contact between them as the boundary between the coarse conglomerates and 

the sandstone respectively. I observed large cobble to boulder-sized clasts in basal beds of the 

sandstone unit that I interpreted to be the Lycium member (Figure 1.6). I make this distinction 

because these course beds also appear higher up section away from the contact, proximal to 

the Vallecito range front, in what is mapped as Lycium according to both Winker (1987) and 

Shirvell (2006). Therefore, I map these coarser clasts as a basal subunit, or more proximal 

facies, contained within the Lycium member and not as part of the alluvial fans in the Elephant 

Trees Formation. Either way, these sandy beds with sparse large clasts or basal conglomerate 

beds mark the transition from alluvial fan and debris flow deposition to marine deposition that 

is indicated by the transition from the Elephant Trees and lower megabreccia into the Lycium 

member in Split Mountain Gorge along Fish Creek Wash. This is a good example of the along 

strike facies changes and inter-fingering of proximal facies with the marine facies of the basin 

observed throughout the lower FCVB section.  

There are three breccias along the Vallecito fault: a tectonically brecciated basement 

breccia, a sedimentary breccia, and a megabreccia. The tectonically brecciated basement is 

heavily fractured basement that lacks disarticulation, meaning features like dikes can be traced 
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continuously across clasts (Figure 1.7). This tectonic breccia is mapped as part of the basement 

unit and is indicated by an overlay pattern on the map where observed. The sedimentary 

breccia (sbx) is an angular, poorly sorted conglomerate supported by a fine silt matrix and 

exhibiting subtle stratification (Figures 1.8 and 1.9). The megabreccia (mbx) is a clast-supported 

megabreccia composed of shattered and disarticulated clasts of basement rock (Figure 1.10). 

Gradationally mantling the sedimentary breccia and megabreccia is a matrix-supported 

conglomerate unit with cobble-sized clasts and a silty to sandy matrix. This conglomerate may 

be interpreted as a subunit of the sedimentary breccia but is distinct enough that I mapped it as 

a separate unit. The tectonically brecciated basement and the sedimentary breccia are time 

transgressive, occurring relatively continuously throughout lower FCVB deposition. The 

tectonically brecciated basement is found throughout the entire section, while the sedimentary 

breccia is restricted to the lower FCVB. Both the tectonically brecciated basement and 

sedimentary breccia first occur along strike of the Elephant Trees Formation. The last outcrop 

of sedimentary breccia is located along strike from the Yuha member of the Deguynos 

Formation.  

The Stone Wash member of Winker (1987) is maintained, but its extent is redefined in 

my mapping. The Stone Wash member (Figures 1.11, 1.12, and 1.13) is laterally equivalent with 

Wind Caves and Mud Hills members, and it typically extends much further away from the range 

front and into the basin compared to the other proximal units. While most of the proximal 

facies occur with an approximately range front parallel strike and dip into the basin, the Stone 

Wash member is often conformable with the basin strata (i.e., Mud Hills and Wind Caves 
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members), especially where it occurs closer to the basin axis. The Stone Wash member also 

extends farther from the range front into the basin compared to other proximal facies.  

A yellow-tan, well-bedded alternating conglomerate and sandstone with a silty matrix 

(ssw) forms a locally time transgressive unit that is typically found overlying the sedimentary 

breccia, between the basin strata and the sedimentary breccia (Figure 1.14). Unit ssw 

interfingers with the Mud Hills member of the Deguynos Formation and with the sedimentary 

breccia in some places. At the northeastern extent of ssw, it interfingers with Mud Hills and 

occurs along strike from the Lycium member. This occurrence of ssw along strike from the 

Lycium member was previously mapped by Shirvell (2006) as a coarse facies of the Mud Hills 

member. However, given my observations of this unit elsewhere along the range front, its 

distinct sedimentary properties, and its approximately range-parallel bedding orientation, I do 

not consider this part of the Mud Hills member.  

The Jackson Fork member is a marginal marine L-suite sandstone and conglomerate. In 

this contribution, I expand the definition of the Jackson Fork member to include additional 

marginal marine L-suite sandstone beds laterally equivalent to the Deguynos Formation. I 

observe the Jackson Fork member deposited directly on the basement, brecciated basement, 

and conformably upon sedimentary breccia and along strike from and depositionally 

interfingered with the Yuha and Camels Head members and the Olla Formation. This expansion 

is consistent with descriptions of the Jackson Fork member by Winker (1987), where the unit 

generally grades from conglomeratic at the base to sandy at the top. My newly mapped 

exposure is to the east of prior mapped exposures and is coarser than the exposures 
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immediately to the west up section (Figure 1.15). My mapped exposure also sits directly on the 

basement rocks or the sedimentary breccia.   

Near the south end of the Vallecito fault, there are two megabreccias (Tbx3&4) 

originally mapped by Kairouz (2005) intercalated with the lowermost Canebrake Conglomerate. 

These breccias crop out in a localized area <1 km across and are not mapped elsewhere. As 

originally mapped, these breccias were correlated with outcrops of Elephant Trees Formation 

that I reinterpret as part of the Canebrake Conglomerate. The first breccia (Tbx3) has angular 

igneous and metamorphic clasts and is matrix-supported with boulders 1-2m and as large as 

4m. The second, Tbx4, has angular tonalite clasts 10-50 cm and as large as 1-2m supported by a 

matrix of crushed and pulverized tonalite. Tbx4 is markedly similar to my new units of 

sedimentary breccia and tectonically brecciated basement (indicated by overlay polygons on 

Plate 1). Despite these similarities, I maintain separate unit names and descriptions due to the 

significant geographic and stratigraphic distance between the units. Additional investigation is 

required to determine if these units are the same. Alternatively, Tbx3&4 could be interpreted 

as coarse beds or debris flows within the Canebrake Conglomerate (Kairouz, 2005).  

Structures 

My mapping reveals a normal fault system subparallel to the Vallecito fault that is 

defined by buttress unconformity contact relationships between FCVB strata and basement 

rocks as well as by exposures of the fault in outcrop (Plate 1). The fault occurs as a series of 

north-northeast to south-southwest striking en echelon strands. At its northern extent within 

the map area, this fault occurs west of the modern Vallecito fault in the basement rocks, and to 
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the south of No Return Canyon, it occurs east of the strike-slip Vallecito fault and separates 

FCVB strata from the basement rocks. At its very southern extent, the discrete surface trace of 

this fault ends at a subtle anticline in the Mud Hills and Stone Wash hanging wall strata. 

Southwest of this anticline is a zone of distributed faulting with a small northeast striking and 

southeast dipping normal fault strand close to the Vallecito range front and a series of south to 

southwest striking and west to northwest dipping normal fault strands stepping away from the 

Vallecito Mountains. 

In agreement with prior maps, my mapping confirms the location and morphology of a 

northeast striking (~025) left-lateral strike-slip fault that cuts Quaternary deposits, the Vallecito 

fault. This fault is located along the range front of the Vallecito Mountains and generally 

separates crystalline rocks from lower FCVB strata. There are two relatively continuous strands 

spanning 8 km across the map area and overlapping in a ~200 m left stepover for about 1km. 

The fault dip and dip direction changes along strike and is generally 60-85 degrees with pure 

left lateral to oblique left lateral kinematic indicators.  

 There are two broad sets of additional faulting throughout the mapped area. The first 

set strikes north-northwest to south-southeast and occurs primarily in the lower part of the 

section in the region surrounding Split Mountain Gorge between the Vallecito fault and the Fish 

Creek Mountains. The second set is northeast to east-northeast and southeast to west-

southwest striking and occurs throughout the map area, especially in the southeast and 

northwest quadrants.  
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DISCUSSION 

My new mapping and proximal stratigraphy presented above support the presence of a 

basin-partitioning normal fault that I call the proto-Vallecito fault. This fault is important to the 

early depositional history of the FCVB and allows me to propose an updated structural history 

for the FCVB. The proto-Vallecito fault likely partitioned basin subsidence, thus reducing the 

amount of both burial and exhumation needed to produce the present-day exposures of the 

FCVB. This updated structural model provides important context for including the FCVB in 

discussions of regional tectonic and geomorphic events in the northern Gulf of California.  

Evidence for the proto-Vallecito Fault 

At the bottom of the FCVB section, the relationships between coarse FCVB strata like 

the Elephant Trees Formation and the crystalline basement in the Vallecito Mountains suggest 

the presence of a foot wall scarp and, thus, a normal fault between the two. Paleocurrent 

indicators and distal thinning and pinch out of the Elephant Trees Formation to the east, near 

the Fish Creek Mountains, suggest a westward or southwestward source location (Winker and 

Kidwell, 1996). The basal sandstones below the Elephant Trees have more north-south directed 

paleocurrents than the alluvial fan conglomerate members of the Elephant Trees Formation 

(Kerr 1982, 1984, Winker and Kidwell 1996), suggesting a change in sediment source and 

tectonic-sedimentary setting around the onset of Elephant Trees deposition. Winker observed 

the proximal part of the Elephant Trees Formation as terminating abruptly against highly 

fractured plutonic basement in the area of No Return Canyon. The Elephant Trees Formation in 

my mapping likely grades into what I call the sedimentary breccia, and the two units become 
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nearly indistinguishable. I agree with prior work (Kerr, 1982; 1984; and Winker and Kidwell, 

1996) that the Elephant Trees, or more likely the sedimentary breccia in that location, abruptly 

terminate against the tectonically brecciated basement. I interpret this buttress unconformity 

as a product of and evidence for the proto-Vallecito fault.  

Observations supporting the presence of the proto-Vallecito fault as the early normal 

fault controlling subsidence of the FCVB continue down-section to the north and up-section to 

the south. To the north of No Return Canyon, the proto-Vallecito fault occurs west of the active 

Vallecito fault. It has significant exposure of crystalline rocks on both the hanging wall and 

footwall sides. On the hanging wall side, above the basement, are wedges of sedimentary 

breccia faulted against basement. To the south of no return Canyon, the proto-Vallecito fault is 

mapped as described in the results section by exposures of faulted outcrops as well as by the 

along strike continuation of the buttress unconformity between intact or tectonically brecciated 

basement and proximal facies sedimentary rocks. The discontinuous nature of the fault 

exposures and the interpretation of the buttress unconformity as indicating the presence of the 

proto-Vallecito fault is consistent with normal fault slip, especially in a region with high 

sedimentation rates. As the fault slips and the hanging wall is lowered, material from the foot 

wall is eroded and deposited on the fault trace and on the hanging wall. Fault slip may not 

always produce surface ruptures at the bedrock-sediment interface and, therefore, may 

inconsistently produce fault exposures in the proximal facies.  

Previous observations of paleocurrent indicators and distal thinning of units in the lower 

FCVB that were thought to be inconsistent with the Vallecito fault as the early normal fault for 

the lower FCVB were based on comparisons with the trace of the modern Vallecito fault. 
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However, the orientation of the proto-Vallecito fault mapped in this study is more consistent 

with the paleocurrent indicators and stratigraphic thinning relationships. To further illustrate 

this, bedding orientations from the proximal units and from the distal units were plotted on a 

stereogram (Figure 1.16). When the distal units are rotated back to their original horizontal 

bedding position, the bedding attitudes for the proximal units rotate back to a strike and dip of 

014/22, consistent with deposition of coarse facies that may have been deposited with primary 

inclined bedding off a north-northeast striking, east dipping fault scarp.  

The pattern of foot wall tectonically brecciated basement, fault exposure in outcrop, 

and hanging wall proximal facies buttressed against the fault and inter-fingered with basin 

strata is repeated in the upper part of the FCVB along outcrops of the West Salton detachment 

fault. This consistent pattern of faulting and proximal deposition further reinforces the 

interpretation that the proto-Vallecito fault served as the primary early basin-bounding 

structure. The mapped geometry for the proto-Vallecito fault also supports that the present-

day Vallecito fault, which is strike slip, occurs as a reactivated structure along strands of the 

proto-Vallecito fault (this study; Shirvell, 2006). 

Duration of proto-Vallecito fault Activity 

The proto-Vallecito fault was responsible for the subsidence and deposition of the lower 

FCVB section. The well-dated basin stratigraphy can be used to determine the duration of 

proto-Vallecito fault activity. As discussed above, the distal FCVB strata are depositionally inter-

fingered with proximal facies derived from the normal fault scarp, which are buttressed against 

the foot wall of the proto-Vallecito fault. I start with the assumption that these basin strata 
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were approximately horizontal when deposited. The entire section, including the crystalline 

rocks at the base of the section, is now exposed at the surface due to tilting and exhumation. 

The proto-Vallecito fault experienced the same tilting and exhumation. Therefore, the present-

day map relationships also show an oblique section view of the basin and proto-Vallecito fault. 

This allows me to use the along strike relationship between proto-Vallecito fault and proximal 

facies exposures to the distal FCVB basin strata to estimate the duration of proto-Vallecito fault 

activity. Based on these relationships, activity on the proto-Vallecito fault began around 8 Ma 

when it created accommodation space that allowed for deposition of the Elephant Trees 

Formation.  

The southern end of the proto-Vallecito fault is collocated with the disappearance of the 

sedimentary breccia and similar facies, indicating a decline in the relative elevation of the 

adjacent Vallecito range at this time. The disappearance of the sedimentary breccia coincides 

with onset of Jackson Fork deposition and with the incursion of Marine strata into 

paleocanyons within the Vallecito Mountains (Figures 1.17 and 1.18). This is also where the 

proto-Vallecito fault becomes distributed and where deformation is accommodated on 

antithetic normal fault strands and by folding in the hanging wall. These changes in deposition 

and distribution of deformation both occur along strike from the upper Mud Hills and Yuha 

members, indicating that proto-Vallecito fault activity likely began to wane and cease around 

4.4 Ma.   
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Implications of proto-Vallecito fault on FCVB History 

 My mapping of the proto-Vallecito fault suggests that early FCVB subsidence was 

partitioned between two normal faults: the proto-Vallecito fault and the West Salton 

detachment fault, indicating Model 2 is a more likely structural scenario. While Model 2 

indicates two faults partitioned basin subsidence, I am unable to determine definitively with 

the data presented here whether the proto-Vallecito fault was active before or simultaneously 

with the West Salton detachment fault. However, the timing of increased FCVB subsidence rate 

with the onset of Diablo member deposition shortly after evidence for waning proto-Vallecito 

fault activity suggests that WSDF activity was subdued or absent while the proto-Vallecito fault 

was active. Subsidence of the foot wall of the proto-Vallecito fault, allowing for incursion of the 

Yuha member into paleocanyons, suggests an increase or onset of WSDF activity perhaps a few 

hundred thousand years prior to progradation of the Diablo Formation into the FCVB. In other 

words, the stratigraphic evidence suggests that as slip on the proto-Vallecito fault slowed, the 

WSDF took over. The distribution of FCVB strata around the crystalline basement rocks further 

supports this interpretation. The Canebrake Conglomerate wraps around the transfer zone 

between the proto-Vallecito fault and the WSDF at Whale Peak. There is no clear outcrop 

evidence for FCVB deposition northwest of the proto-Vallecito fault until after deposition of the 

Deguynos Formation ceases. Figure 1.19 summarizes the sequence of major depositional and 

tectonic events in the FCVB, as suggested by the mapping and Model2, particularly the timing 

of proto-Vallecito fault and WSDF activity and spatial distribution of various strata. Low-

temperature thermochronology on either side of the WSDF near Whale Peak and Yaqui Ridge 



28 
 

suggests that rapid slip on the WSDF occurred between ~5-2 Ma (Shirvell et al., 2009), which is 

consistent with the observations in this study.  

Based on the transition in activity from the proto-Vallecito fault to the WSDF, I construct 

a model for basin subsidence partitioned between these two faults. This updated structural 

model suggests only 2-4 km of burial for the lowermost FCVB compared to the 5.5-6 km 

predicted by Model 1 (Figure 1.2). This shallower burial is more consistent with the amount of, 

or rather lack of, compaction observed in the outcrops and hand samples of FCVB strata. From 

this reduced magnitude of burial, I can assume slower rates of exhumation since the onset of 

strike-slip faulting at 1.2 Ma (~1.6-3.3 mm/yr rather than ~5 mm/yr). Exhumation rates may be 

even lower if tilting is not fully recorded by the fanning dip interval in the upper Hueso 

Formation at the top of the section and instead began as the hanging wall tilted against the 

WSDF prior to the onset of strike-slip faulting.  

 The orientation and location of folding relative to the basin strata and basement rocks is 

indicative of northeast to east directed shortening. In addition to the folding, the Fish Creek 

Vallecito basin may have been uplifted by one or more northwest striking reverse faults. The 

Split Mountain fault, along strike and to the southeast of the Split Mountain anticline, is a likely 

candidate for accommodating a large fraction of this shortening. The Fish Creek Mountain fault 

also may have accommodated shortening at depth; however, with the lower exhumation 

predicted in this study, the observed folding in the basin combined with the faults in the Split 

Mountain region is sufficient to accommodate the shortening and uplift without invoking 

reverse slip on the Fish Creek Mountain fault. More likely, the Fish Creek Mountain fault was a 

normal fault, similar to the proto-Vallecito fault, that created a wedge-shaped half graben 
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between the two faults into which the lower basin strata were deposited. Additional mapping 

in the Fish Creek Mountains and low temperature thermochronology throughout the FCVB and 

nearby basement rocks are necessary to further test this model of FCVB exhumation. Mapping 

in the Fish Creek Mountains, particularly near the Split Mountain fault, is beyond the scope of 

this project and is made difficult by the location of the U.S. Gypsum Company and the Carrizo 

Impact Area.  

Implications for Age of Lower Colorado River 

The FCVB is an important sedimentary archive for the history of the northern Gulf of 

California rift, including the first arrival of Colorado River Delta sediment to the area. The Wind 

Caves member of the Latrania Formation, which is a mix of local and Colorado River-derived 

sediment, records the first arrival of Colorado River-derived sediment in the FCVB. 

Paleomagnetic studies and microfauna analysis date this arrival at about 5.3 Ma (Dorsey et al., 

2011). However, recent Ar/Ar dates from detrital sanidine in Wind Caves sand suggest a 

maximum depositional age of 4.56 ± 0.04 Ma (Crow et al., 2021). Crow et al. (2021) explain this 

younger age by invoking duplication of approximately ~1000 m of the FCVB section via bedding-

parallel fault strands formed as a southward continuation of the Earthquake Valley fault zone, a 

right-lateral strike-slip fault strand of the Elsinore fault system. These fault strands are only 

shown on a stratigraphic column and are not currently represented in published mapping. I 

have translated their position from the stratigraphic column and placed markers on my map in 

the corresponding locations (Figure 1.20). There is no evidence that the Earthquake Valley fault 

zone continues south into the basin from the extent mapped in the crystalline basement rocks 

near Whale Peak. A few sub bedding parallel faults on the map from this study intersect the 
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cited section at a location similar to that indicated by Crow et al. (2021). However, the small 

amount of separation mapped across these faults is inconsistent with that required to duplicate 

the section. Further, if there are large bedding parallel faults that duplicate the stratigraphic 

section in the center of the basin, it should also follow that there is a ramp, or section of the 

fault that cuts across the bedding through the section (Dorsey et al., 2021). None of the faults 

mapped in the Deguynos Formation or elsewhere in the C-suite section have enough separation 

for this. Faults with larger amounts of separation occur at the bottom of the section in the 

Elephant Trees Formation, often bringing the lower section and basement rocks to the surface 

and separating the exhumed basement from other lower strata like the Elephant Trees 

Formation or the Lycium member. The fault on the western side of Split Mountain Gorge, the 

Fish Creek fault zone, cuts nearly perpendicular to bedding with up to ~1 km of map-view 

separation through the Lycium member, the upper megabreccia, the Wind Caves member, the 

Mud Hills member, and the Yuha member. This fault is not mapped as offsetting the contact 

between the Yuha and Camels Head members. The Fish Creek Wash fault occurs near the 

easternmost location of proposed faulting by Crow et al. (2021), but it is not bedding parallel. 

Additionally, stratigraphic observations from the Deguynos Formation do not support the 

presence of section-duplicating faults; however, more detailed analysis of the section would be 

required to rule out duplication from the stratigraphy. My mapping follows the lower FCVB 

section, from the Elephant Trees Formation to the Camels Head member of the Deguynos 

Formation along and perpendicular to strike from Fish Creek Wash to the Vallecito fault and 

range front, pinning these strata to the basin margin and associated proximal facies, also 

without evidence for duplication of section needed to explain the results of Crow et al. (2021).  
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CONCLUSIONS 

 Based on the new and compilation mapping presented in the study, the Fish Creek 

Vallecito basin deposition and subsidence was partitioned across two normal faults (Model 2) 

rather than deposited in the hanging wall of a single normal fault (Model 1). Subsidence first 

occurred in the hanging wall of the proto-Vallecito fault from the deposition of the Elephant 

Trees Formation until deposition of the Deguynos Formation when the West Salton detachment 

fault became the dominant structure driving basin subsidence. Early uplift of the basin was 

likely accomplished through tilting during subsidence, which, when combined with the 

partitioned subsidence, reduces the amount of exhumation that must have been driven by the 

reorganization to strike-slip faulting and shortening post-1 Ma. This updated model agrees well 

with stratigraphic observations like paleocurrent indicators in the lower part of the section, 

thinning of Elephant Trees to the east, and changes from distal to proximal facies along strike 

from Fish Creek Wash northwest towards the Vallecito range front.  
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FIGURES 

 
Figure 1.1. Caption on next page. 
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Caption to Figure 1.1: Regional geologic map of the FCVB and surrounding region with the 

extent of Plate 1 and the focus of this study indicated by the solid rectangle. Alluvium is not 

mapped. Units MPb and PQc are time transgressive, spanning the Miocene-Pliocene and the 

Pliocene-Pleistocene respectively; they are placed in the legend at the time of their first 

occurrence. Lower map shows the location of the regional map and the FCVB within southern 

California and the Quaternary fault and fold database (USGS and CGS). See Plate 1 for the 

position of the map area within the state of California. Compiled from Dorsey et al. (2011), 

Janecke et al. (2010), and this study. 

CCF = Coyote Creek fault strand of the San Jacinto fault zone, CM = Coyote Mountains, EF = 

Elsinore fault, EVFZ = Earthquake Valley fault zone of the Elsinore fault system, FCM = Fish 

Creek Mountains, FCMF = Fish Creek Mountain fault, GM = Granite Mountain, GQF = Gypsum 

Quarry fault, IM = Inkopa Mountains, LM = Laguna Mountains, NRC = No Return Canyon, NSMF 

= Northern Split Mountain fault, PVF = Proto-Vallecito fault, SFF = San Felipe fault, SMA = Split 

Mountain anticline, SMG = Split Mountain Gorge, SSMF = Southern Split Mountain fault, TBM = 

Tierra Blanca Mountains, VF = Vallecito fault, WP = Whale Peak, WSDF = West Salton 

Detachment fault, VM = Vallecito Mountains, YR = Yaqui Ridge.  

Hillshade in regional geologic map from USGS 3DEP, imagery in lower map from ESRI World 

Imagery (ESRI, 2022). 

 

  



34 
 

 

Figure 1.2. Cartoon cross-

section of the FCVB 

approximately parallel to Fish 

Creek Wash. Upper: Model 1 

for FCVB after Dorsey et al. 

(2012) where subsidence 

occurs only over the WSDF. 

Lower, Model 2 shows 

partitioned subsidence of the 

FCVB between the PVF and 

WSDF. WSDF = West Salton 

Detachment fault, PVF = 

proto-Vallecito fault.  
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Figure 1.5. Schematic diagram of lower FCVB stratigraphy including the new proximal units 

defined in this study. Thicknesses and spatial relationships are relative, and the upper FCVB 

strata, including the true thickness of Po and Pd, are not shown. The upper FCVB stratigraphic 

facies panel is available in Dorsey et al., 2012. PQc = canebrake conglomerate, Po = Olla 

formation, Pd = Diablo formation, Pj = Jackson Fork member, Pch = Camels Head member, Py = 

Yuha member, Pm = Mud Hills member, sbx = sedimentary breccia, ssw = silty Stone Wash, MPs 

= Stone Wash member, Pw = Wind Caves member, mbx = megabreccia, cgl = conglomerate, 

Mum = upper megabreccia, Mly = Lycium member, Mf = Fish Creek Gypsum, Mlm = lower 

megabreccia, Me = Elephant Trees formation, Kbx = tectonically brecciated crystalline 

basement,  K = crystalline basement. 

 

 

  



38 
 

 

 

Figure 1.6. Photo of the lower Lycium member with conglomerate layers. Yellow field notebook 

for scale. View azimuth 300. Photo location is available in the appendix.  
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Figure 1.7. Outcrop of the tectonically brecciated basement in foot wall of the proto-Vallecito 

fault (diagonal lines overlay pattern on map). The rock is shattered but not disarticulated. 

Yellow field notebook for scale. View azimuth 100 in upper image, 135 in lower image. Photo 

location available in the appendix. 
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Figure 1.8. Outcrop of the sedimentary breccia (sbx) and silty Stone Wash (ssw) units. View 

azimuth is 206. Photo location is available in the appendix. 

 

ssw 

sbx 
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Figure 1.9. Outcrop of sedimentary breccia (sbx) in depositional contact with the Cretaceous 

crystalline basement rocks (K). Note the paleotopography of the basement. View azimuth is 

150. Photo location is available in the appendix. 

K 

sbx 
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Figure 1.10. Photo of a poorly sorted megabreccia with tonalite clasts. This outcrop is located 

northwest along strike of the Lycium member. View azimuth is 078. Photo location is available 

in the appendix. 

 



43 
 

 

Figure 1.11. Outcrop of the stone wash member. Matrix supported conglomerate with tonalite 

and metamorphic clasts. Clast size is variable between beds. View azimuth is 051. Photo 

location is available in the appendix. 
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Figure 1.12. Additional example of the stone wash member. Matrix supported conglomerate 

beds with tonalite and metamorphic clasts interbedded with pebbly and coarse sandstone 

layers. Clast size is variable between beds. View azimuth is 350. Photo location is available in 

the appendix. 
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Figure 1.13. Outcrop of the Stone Wash member (MPs) proximal to the proto-Vallecito fault 

near the sedimentary breccia (sbx). In this location, the two units are nearly indistinguishable as 

MPs has is more clast-supported, has less compositional variation in the clasts (mostly tonalite 

here), and has fewer sandy intervals. The obvious bedding distinguished MPs from sbx at this 

location. View azimuth is 065. Photo location is available in the appendix. 
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Figure 1.14. Photo of outcrops of the silty Stone wash (ssw) member. This unit is well stratified, 

has a distinct yellow color, and dips away from the proto-Vallecito fault footwall block. View 

azimuth is 072. Photo location is available in the appendix. 
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Figure 1.15. Outcrops of the Jackson Fork member newly mapped in this study. Photo is taken 

across a canyon from the outcrops shown. View azimuth is 300. Photo location is available in 

the appendix. 
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Figure 1.16. Lower hemisphere projection stereogram of the proximal and distal bedding in the 

northern FCVB. Attitudes used to find the mean are shown as poles, while the means are shown 

as planes. The mean proximal and mean distal bedding were rotated until the distal bedding 

was horizontal, and the resulting orientation of the undeformed proximal bedding is shown. 

The undeformed mean orientation of the proximal bedding is approximately parallel to and 

dips away from the proto-Vallecito fault, supporting the footwall scarp as the likely source for 

these units. This figure was produced in Stereonet v. 11.5.1 (Allmendinger et al., 2013; Cardozo 

and Allmendinger, 2013). 
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Figure 1.17. Photograph looking northwest where the Deguynos Formation (Mud Hills member, 

the Yuha member, and Jackson Fork member (tan outcrops below terrace surface in 

photograph) fill in a paleocatchment within the crystalline basement (mountainous 

topography) in the footwall of the proto-Vallecito fault. These outcrops are located along strike 

and to the northwest of the cessation of the proto-Vallecito fault. View azimuth is 330. Photo 

location is available in the appendix. 

Location where photo in Figure 1.18 was taken. 
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Figure 1.18. View of the Jackson Fork member (Pj) and the sedimentary breccia (sbx) where 

these units fill in a paleocanyon in the footwall of the proto-Vallecito fault. View azimuth is 330. 

Photo location is available in the appendix. 
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Figure 1.19. Cartoon block diagrams illustrating the tectonic and stratigraphic history of the 

FCVB. These blocks are intended to show stratigraphic relationships; tectonic events are an 

approximation since the faults are shown as planar and there is little rotation or tilting. Time 1 

shows the deposition of L suite FCVB strata in the hanging wall of the proto-Vallecito fault (~6 

Ma). Time 2 shows the first arrival of C-suite sediment (Pw) mixed with L-suite deposition in Pw 

and MPs (~5 Ma). Time 3 shows the transition from proto-Vallecito fault to West Salton 

detachment fault-driven subsidence, which coincides with fully C suite deposition, delta 

progradation, and incursion of the deltaic sequence into the paleovalleys in the Vallecito 

mountains (~4 Ma). Time 4 shows deposition of the upper FCVB strata prior to onset of uplift 

and tilting (~1 Ma). 
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Figure 1.20. Simplified geologic map of approximately the same extent as Plate 1 showing the 

location of faults invoked by Crow et al. (2021) to explain proposed duplicated stratigraphic 

section.  
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A1 - APPENDIX TO CHAPTER 1 

The appendix to Chapter 1 includes two figures and one table listed and described below.  

 

Figure A1.1 – Photograph of field relationships showing marine basin strata and proximal facies 

/ breccias on the crystalline basement rocks with the approximate location of the proto-

Vallecito fault indicated.  

 

Figure A1.2 – Map of photograph locations  

 

Table A1.1 – Table of photograph locations, elevations, and view azimuth  
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Figure A1.1. Photograph of the Vallecito range front (left) with basement rocks (K) at the peaks, 

sedimentary breccia, the Stone Wash member, and the Jackson Fork member are overlying the 

basement in the middle (breccias), interfingering with the Mud Hills member (marine basin 

strata) on the right. The proto-Vallecito fault (PVF) is interpreted and observed through the 

breccias. View azimuth is 030. Photo location is shown on Figure A1.2.  
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Table A1.1. Locations for photographs in Chapter 1 

Figure  Latitude Longitude 
Elevation 

(m) 
Vertical 

Error (m) 
View 

bearing (°) 

1.6 33.02154 -116.14915 365 5 300 

1.7 33.03058 -116.15338 373 10 100 

1.7 33.03058 -116.15338 373 10 135 

1.8 33.02901 -116.15739 428 5 206 

1.9 33.01614 -116.16521 350 - 150 

1.10 33.025975 -116.153355 395 5 078 

1.11 33.00835 -116.148756 233 5 051 

1.12 33.01006 -116.142839 264 10 350 

1.13 33.0204247 -116.1633173 469 20 065 

1.14 33.02818 -116.15536 427 10 072 

1.15 33.01414 -116.16834 441 10 300 

1.17 33.01228 -116.17242 496 10 330 

1.18 33.01683 -116.17685 486 10 330 

A1.1 33.01415 -116.16832 440 10 030 
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CHAPTER 2 

Apatite (U-Th)/He constraints on subsidence, uplift, and thermal conditions of the Fish Creek 
Vallecito Basin within the northern Gulf of California rift 

 

ABSTRACT 

The Salton Trough is a seismically active region in the northern Gulf of California rift. This late 

Cenozoic right-lateral transtensional system is characterized by low-angle normal faults and 

strike-slip faults, overprinted in part by transpressional strike-slip and reverse faults since the 

mid-Quaternary. The Fish Creek Vallecito basin (FCVB), a subbasin of the Salton trough, 

preserves a record of syn-rift deposition from 8-1 Ma, including the arrival of Colorado River 

detritus ca. 5.3 Ma. The FCVB contains a complete ~6 km thick sedimentary section. However, 

compaction of strata in the FCVB appears inconsistent with ~6 km burial, requiring an 

alternative structural and depositional model and/or anomalously high pore-pressure 

conditions. New mapping from Young 2023 (Chapter 1) suggests that the proto-Vallecito fault, 

an early breakaway of the West Salton detachment fault, partitioned FCVB subsidence into two 

subbasins, allowing for reduced burial of the lower FCVB section. This Chapter tests this 

scenario using low-temperature thermochronology, specifically apatite (U-Th)/He (AHe) data. 

These data show only partial or no resetting of AHe ages, as indicated by preservation of 

detrital age signatures and sparse AHe ages younger than the depositional ages. This implies 

that temperature at the base of the FCVB section may not have exceeded the AHe partial 

retention zone (<~55-80°C). To extract additional information from the AHe data, I use a 

combination of forward and inverse modeling to constrain post-depositional thermal histories 

while considering the effects of radiation damage and detrital inheritance. From the dates and 



67 
 

modeling, I determine that the maximum burial temperature of the FCVB was about 80-90°C, 

and the burial depth of the exhumed section was likely ≤4 km. The data supports a geothermal 

gradient of ~20°C/km, which is much lower than in the modern Salton Trough, suggesting that 

while the FCVB stratigraphy is analogous to the modern Salton Trough, the thermal conditions 

are different. Best-fit thermal histories from inverse modeling suggest uplift occurred since 4-1 

Ma, which is consistent with uplift and tilting occurring during deposition of the upper section 

after 4 Ma, and onset of transpression at 1.2 Ma.  

 

INTRODUCTION 

The Gulf of California is one of the few localities actively transitioning from continental 

rupture to seafloor spreading and provides a rare insight into what early continental margins 

look like before they are deeply buried by passive margin depositional processes (Axen and 

Fletcher, 1998). The Salton Trough, which is the northern portion of the Gulf of California, is 

unique within this setting because rapid deposition by the Colorado River Delta initiated almost 

immediately after rifting began (Dorsey et al., 2011). As a result, the new crust formed here is 

transitional and composed of mostly sediment with some magmatic crust from rifting (Fuis et 

al., 1984; Dorsey et al., 2007; Han et al., 2016).  

The Fish Creek-Vallecito basin (FCVB), a subbasin located on the western margin of the 

Salton Trough (Figure 2.1), exposes a key record of the formation of the Salton Trough and 

northern Gulf Extensional Provence, the integration of the lower Colorado River, and the birth 

of strike-slip faults through the Peninsular Ranges (Dorsey et al., 2011, 2012). This basin has 
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been tilted and exposes approximately 6 km of section in the hanging wall of the West Salton 

detachment fault. Recent work by Young 2023 (Chapter 1) suggests that subsidence and 

deposition of the FCVB was partitioned by an early breakaway of the West Salton detachment 

fault, the proto-Vallecito fault. The proto-Vallecito fault created the accommodation space for 

the deposition of the lower FCVB, shutting off around 4.4 Ma as slip-rate increased on the West 

Salton detachment fault. The proto-Vallecito fault was then buried along with the rest of the 

detachment hanging wall and subsequently exhumed with the transition to shortening after 1 

Ma. The FCVB strata are analogous to those at depth along the Southern San Andreas fault 

system in the Salton Trough today, where many faults exhibit both creep and seismogenic 

surface rupture. The exhumed FCVB and proto-Vallecito fault may thus provide exposures of 

rocks and a fault zone, respectively, from seismogenic depths analogous to present conditions 

along the Southern San Andreas fault system. 

The currently published structural model the Fish Creek Vallecito basin has all 

deposition and subsidence occurring in the hanging wall of the West Salton detachment fault 

(Model1, Figure 2.2, Dorsey et al., 2012), although many studies have noted the importance of 

subsidence adjacent to the Vallecito fault during deposition of the lower FCVB (e.g., Kerr 1982; 

Shirvell 2006; Shirvell et al., 2009; Alasad et al., 2023). In Chapter 1, I proposed an alternative 

structural model supported by updated geologic mapping (Model2, Figure 2.2). Here I test 

between these two models by constructing a cross-section through the basin and by applying 

apatite U-Th/He thermochronology (closure temperature of ~70°C). Model one predicts fully 

reset cooling ages in the lower 2 to 4 km of the FCVB section, which would have been buried to 

a depth of 4 km or greater. Model two predicts fully reset cooling ages only in the lowest 500 m 
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of section, if at all. Model two also predicts younging of cooling ages towards the proto-

Vallecito fault in the foot wall basement rocks. To test between these two models, I obtained 

apatite (U-Th)/He cooling ages from samples along Fish Creek wash through the lower FCVB 

and from samples of crystalline basement rocks in the hanging wall and foot wall of the proto-

Vallecito fault. I then use forward and inverse thermal modeling to estimate the timing of 

exhumation based on the samples and to further assess the thermal conditions and maximum 

burial temperatures of the lower FCVB.  

 

BACKGROUND 

Stratigraphy 

The Vallecito Mountains, Fish Creek Mountains, and the FCVB basement are all 

Paleozoic to early Mesozoic meta-sedimentary and early Cretaceous meta-volcanic rocks 

intruded by the eastern Cretaceous Peninsular Ranges batholith, which I will refer to 

collectively as the basement. The lower plate rocks in the foot wall of the West Salton 

detachment fault and the Vallecito fault are mostly Late Cretaceous La Posta pluton (Todd, 

1977). This mostly tonalite pluton intruded the Granite Mountain pluton and Paleozoic to 

Jurassic metasedimentary rocks that occur as relatively spatially limited outcrops of schist and 

gneiss. Overlying the basement rocks, strata of the FCVB are a 5.5-6 km thick succession of 

southwest-dipping late Miocene (~8 Ma) to Pleistocene (<0.8 Ma) (Dorsey et al., 2011, 2012) 

rocks divided into three Groups: the Split Mountain Group, the Imperial Group, and the Palm 

Spring Group (Plate 1). A brief overview of this stratigraphy is provided in this section. Readers 
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are directed to Young (2023, Chapter 1 and references therein) for an in-depth discussion of the 

FCVB stratigraphy. Overall, sediments in the FCVB have two sources. The first is the surrounding 

higher topography of the Peninsular Ranges (local or L-suite), and the second is the Colorado 

River (C-suite). L-suite sediments are plagioclase-rich and typically contain small pebbles and 

coarse sand of crystalline rocks, mostly tonalite, from the Peninsular Ranges batholith and 

associated metamorphic framework rocks, as well as fragments of volcanic rocks and reworked 

nonmarine sediments capping the range (Winker and Kidwell, 1996). Colorado River sediments 

first appeared in the FCVB at 5.3 Ma (Dorsey et al., 2007; 2011). Crow et al. (2021) propose a 

later arrival of Colorado River sediment at 4.80-4.63 Ma; however, this younger date requires 

stratigraphic duplication by faults cutting the FCVB that is not yet documented. Significant 

deposition of Colorado River-derived sediments into the FCVB continued until about ~2.8 Ma 

(Dorsey et al., 2011). Inter-fingering of Colorado River-derived and local sediments occurred 

during the early and late phases of Colorado River deposition in the FCVB (Winker and Kidwell, 

1986; Dorsey et al., 2007, 2011). As Colorado River deposition progressed, the depositional 

setting transitioned from marine to fluvial deltaic with progradation of the Colorado River delta 

and tectonic translation past the river mouth, which is fixed to the North America plate at 

Yuma, Arizona (Winker and Kidwell, 1986; Dorsey et al., 2007, 2011). This transition in 

depositional setting accompanied a transitional return to locally sourced units. The FCVB strata 

are also characterized based on facies – proximal facies, which I interpret as foot wall scarp 

derived, and distal facies. Most distal facies are C-suite, and all proximal facies are L-suite, but 

L-suite units range from proximal to distal. Overall, facies and provenance are useful for 

describing and classifying the units mapped in the FCVB.  
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The Split Mountain Group (Miocene) at Fish Creek Wash is composed of nonmarine L-

suite clastic sedimentary rocks and is divided into the Elephant Trees Formation and the lower 

megabreccia. The late Miocene Elephant Trees Formation is an alluvial fan conglomerate with 

sandstone derived from proximal alluvial fans plus distal alluvial fans and stream deposits. In 

the Split Mountain area, the Elephant Trees Formation is about 500 m thick, thinning to the 

east (Dorsey et al., 2011). The late Miocene lower megabreccia is a long runout nonmarine 

landslide-derived megabreccia sourced from the Vallecito Mountains deposited on top of the 

Elephant Trees Formation. The thickness of the lower megabreccia varies along strike but is ~50 

m thick in Split Mountain Gorge.  

The Imperial Group (late Miocene-early Pliocene) is composed of both L-suite and C-

suite marine fossiliferous clastics, limestone, and evaporite. From oldest to youngest, it is 

divided into the Fish Creek Gypsum, the Latrania Formation, and the Deguynos Formation. The 

Fish Creek Gypsum is a thin layer of marine gypsum and anhydrite separating the lower 

megabreccia in the Split Mountain Group from the Latrania Formation in the Imperial Group. 

The late Miocene to early Pliocene Latrania Formation is a ~350 m thick exposure of L-suite 

marine clastics and has five members exposed in the FCVB: the Lycium Member, the upper 

megabreccia, the Wind Caves Member, and the Stone Wash Member (Winker and Kidwell, 

1996). The Lycium Member is ~100 m thick and composed of L-suite marine turbidite-like 

sandstone with conglomerates. The upper megabreccia is a marine subaqueous landslide 

megabreccia sourced from the Fish Creek Mountains and is <50 m thick, and its thickness varies 

along strike. The Wind Caves Member is ~150 m thick and composed of interbedded C-suite 

and L-suite turbidite sandstones, with a greater proportion of L-suite derived sediments 



72 
 

towards the base of the member. This represents the oldest recognized input from the 

Colorado River into the FCVB. The early Pliocene Deguynos Formation is a ~1050 m-thick deltaic 

succession of C-suite marine clastics. The Deguynos Formation is traditionally divided into the 

Mud Hills Member, the Yuha Member, and the Camels Head Member, based on facies changes 

consistent with Colorado River delta progradation: The Mud Hills Member is the prodelta 

offshore marine facies, the Yuha Member is the marine delta platform, and the Camels Head 

Member is the marginal marine delta front. The Stone Wash Member is a time-transgressive 

unit consisting of conglomerate with L-suite sandstone that is laterally continuous with the 

Lycium Member, the Wind Caves Member, and the Mud Hills Member. Proximal facies of the 

Stone Wash Member are fossiliferous, while distal facies tend to be fossil-poor sediment gravity 

flows. The Jackson Fork Member is a marginal marine L-suite sandstone and conglomerate 

mapped by Winker (1987) as laterally continuous with the Camels Head Member and the base 

of the Palm Spring Group. 

The Palm Spring Group (mid Pliocene-early Pleistocene) is composed of nonmarine 

clastics with the transition from C-suite to L-suite sediments occurring near the base of the 

group. It is divided into the Diablo Formation, the Olla Formation, the Tapiado Formation, the 

Hueso Formation, the Borrego Formation/Bow Willow Beds, and the Canebrake Conglomerate. 

Samples in this study come from the Diablo Formation (also referred to as the Arroyo-Diablo), 

which is ~1000 m thick C-suite fluvial sandstone, siltstone, and claystone deposited as part of 

the nonmarine Colorado River deltaic succession. The rest of the Palm Spring Group is not 

sampled or discussed in this study but is described in Young (2023, Chapter 1, and references 

therein).  
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Young (2023, Chapter 1) defined new units along the Vallecito fault toward the base of 

the FCVB section. These units are a zone of tectonically brecciated crystalline basement, 

sedimentary breccia (sbx), a megabreccia (mbx), and a unit of interbedded silt and 

conglomerate, named the silty Stone Wash Member (ssw). See Plate 1 for location and extent. I 

also expanded the definitions for the Stone Wash and Jackson Fork Members. All of these units 

are time-transgressive, locally sourced, range-front mantling and foot wall scarp-derived 

deposits that generally strike parallel to the range front, broadly defining the northeast 

boundary of the basin and dip to the southeast. They interfinger with the canonical stratigraphy 

defined along the basin axis. Collectively, these units are considered analogous to the 

Canebrake Conglomerate in the upper FCVB.  

Prior thermochronometric studies  

Low-temperature thermochronology datasets from prior studies in the region provide 

excellent context for the data and interpretations presented here and were essential in 

selecting an appropriate analytical approach to test between Models 1 and 2. One study from 

Fish Creek Wash focused on the provenance of the FCVB strata with respect to Colorado 

Plateau source areas and used detrital zircon (U-Th)/He (ZHe) cooling ages and U-Pb 

crystallization ages (Cloos, 2014). All of the ZHe cooling ages from that study are older than the 

paleomagnetic and micro-fossil depositional ages of the FCVB strata. This suggests that the 

sampled units were buried to temperatures less than ~170° C, which is the closure temperature 

for the zircon (U-Th)/He system. Apatite (U-Th)/He has a closure temperature of ~70° C and is 

an excellent choice for assessing relatively shallow tectonic events, such as those expected for 

the FCVB. Assuming a geothermal gradient of 20 -50° C/km, reset appetite helium cooling ages 
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(cooling ages younger than the depositional age) can be expected at depths below 1.4-3.5 km, 

which are the depths required to test the structural models for the FCVB.  

Prior work by Shirvell (2006) and Shirvell et al. (2009) used AHe to assess the timing of 

West Salton Detachment fault (WSDF) activity (locations of these samples are in Figure 2.3). 

Their sample transect from Whale Peak, located in the foot wall of the WSDF adjacent to the 

FCVB, provides important context for the timing of PVF and WSDF activity. This dataset 

generally shows evidence for slow WSDF activity (exhumation rate of ~100 m/Myr) from ~8 Ma, 

with acceleration after 5 Ma required to exhume these reset rocks to the surface (Figure 2.4). 

The authors of that study favor a model in which the Vallecito fault was an early structure 

responsible for lower FCVB subsidence and deposition from 8-5 Ma. This occurred either prior 

to the onset of WSDF slip, simultaneously with WSDF slip as an upper-plate fault, or as an early 

WSDF breakaway that was later transferred to the upper plate (similar to Model 2, Figure 2.2). 

Their work infers subsidence adjacent to the modern trace of the VF and does not reconcile 

how the VF and WSDF would interact at depth or how the VF would affect the burial depth and, 

thus, the exhumation magnitude of the lower FCVB. Their data, while consistent with Model 2, 

do not eliminate other possible models, such as WSDF being fully responsible for FCVB 

deposition since 8 Ma (Model 1, Figure 2.2). 

Overview of Apatite (U-Th)/He Dating 

  Thermochronology ages indicate when a mineral crystal cools through an effective 

closure temperature, such that the daughter product of radioactive decay is retained. 

Thermochronology thus provides a cooling age rather than a crystallization age. Above the 
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effective closure temperature, the daughter product diffuses out of the crystal, and the cooling 

age is zero or nonexistent (open system). Below the effective closure temperature, almost all 

the daughter product is retained, resulting in an age that records the time since reaching this 

temperature (closed system). Just below the effective closure temperature is a temperature 

range known as the partial retention zone, where the diffusivity of the daughter product is still 

high enough that it is only partially retained in the crystal (Reiners and Brandon, 2006). For 

detrital crystals that enter the partial retention zone during burial, some of the existing 4He is 

retained, and some is lost. If that crystal is never buried to temperatures above the closure 

temperature, then it is considered partially reset. For samples that are heated above the 

closure temperature during burial, time spent in the partial retention zone will change 4He 

diffusion based on hold time and cooling rate. Because there is a relatively consistent 

relationship between temperature and depth within the earth, cooling ages are used in 

conjunction with a geothermal gradient to estimate the time since a sample was at a particular 

depth. Exhumation rates can be estimated when samples are collected in a vertical transect or 

if multiple thermochronometers that sample different temperatures and, therefore, different 

depths can be applied to the same sample.  

The U-Th/He method uses the accumulation of 4He derived from alpha decay of 238U, 

235U, 232Th, and 147Sm to determine a cooling age. Important for this study, we avoid using a 

fixed effective closure temperature because this is an oversimplification of the change in 4He 

diffusivity with temperature. In reality, effective closure temperature depends on several 

factors: cooling rate, hold time, crystal size, and crystal damage. The effective closure 

temperature generally increases with cooling rate (Reiners and Brandon, 2006). Similarly, the 
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amount of time the crystal spends at a temperature, also called the hold time, changes the 

amount of heating required to lose the daughter product, 4He, through diffusion. In the apatite 

helium system, the partial retention zone occurs at 30-65°C for 1 Ma hold times but occurs at 0-

23°C for 1 Ga hold times. This means that very rapid burial and exhumation requires hotter 

temperatures to see complete resetting of grains, while very slow events require lower 

temperatures. For this study, which occurs over <8 Myr, placing the temperature of the PRZ at 

about 20-65°C is a reasonable assumption.  

The size of the crystal determines the amount of daughter product lost due to ejection 

of alpha particles during decay. Alpha ejection causes the alpha particle to travel 30 µm and is 

predictable enough that a correction can be applied to the data that usually accounts for its 

effect on the date. However, this correction is best applied to crystals greater than or equal to 

60 µm, and there is more potential for error when applied to crystals smaller than 60 µm. The 

minimum datable crystal width is 40 µm. Fracturing of the crystal also increases the effects of 

alpha ejection, making this correction insufficient or inaccurate if the crystal is highly fractured 

or broken. Broken crystals also under sample the diffusive profile of 4He within a crystal. 

Radiation damage, which disrupts the crystal lattice, will change the 4He diffusivity at specific 

temperatures in different crystals, making each crystal sensitive to slightly different 

temperatures (e.g. Fox et al., 2019 and references therein). As a result, dates from different 

crystals in the same sample will record different cooling ages. This process also can form 4He 

traps within the crystal, which can make crystals appear older. The effective U content (eU) and 

pre-depositional cooling history both play an important role in determining the amount of 

radiation damage present (e.g., Guenthner et al., 2015; Fox et al., 2019). In these cases, 



77 
 

modeling of the ages using radiation damage-specific calibrations may be required to accurately 

assess the thermal history.  

Detrital vs. Bedrock Thermochronology 

To further test the structural model proposed in Young (2023, Chapter 1) and to assess 

whether the Fish Creek Vallecito basin exposes rocks and fault zones from seismogenic depths, I 

expand the structural analysis from Chapter 1 using low-temperature thermochronology. I use 

a combination of bedrock (crystalline basement) and detrital (basin strata) thermochronology. 

The bedrock samples from basement rocks provide a point of comparison between the local 

source material and the material preserved in basin strata. Cooling ages from the foot wall 

basement rocks test for exhumation of the foot wall and demarcate the distribution of cooling 

ages to be expected in the local basin source material prior to any thermal reheating effects. 

Cooling ages from the basement rocks in the hanging wall test exhumation of the bottom of the 

FCVB section and show how the same material as the foot wall responded to the tectonic 

events experienced by the hanging wall. The detrital samples test for both burial depth and 

timing of exhumation of the FCVB section using the closure temperature and an assumed 

geothermal gradient and the cooling ages respectively.  

In bedrock thermochronology, younger ages generally occur at lower structural depths 

or at locations of rapid exhumation, since as the rock moves up through the crust and the 

closure temperature, the first rocks to cool will be the ones on top, and the younger ones that 

cool later will be on the bottom. In detrital thermochronology, where the sampled material has 

been eroded and transported, we expect the opposite. The grains with older cooling ages are 



78 
 

the first to be eroded from the mountains and deposited in the basin. As basin deposition 

continues, grains with progressively younger cooling ages are eroded and deposited. This 

means that the grains will have a crystallization age that is very old, a cooling age that is 

younger than that, and a depositional age that is still younger. This trend continues until the 

grains are buried to the depth of the partial retention zone. Once at or below the partial 

retention zone, grains begin the process of resetting (Figure 2.5). During exhumation following 

this burial, these grains will once again pass through and above the closure temperature, 

locking in a new cooling age. This new cooling age is now younger than the depositional age, 

and one can again expect that the older reset ages will be higher in the section than the 

younger reset ages. This means that in an exhumed sedimentary section with reset ages in the 

lower part of the section, I expect to see from top to bottom: cooling ages older than the 

depositional age (not reset) that get older with depth, and then cooling ages younger than the 

depositional age (reset) that get younger with depth. Partial resetting is also possible. Partial 

resetting occurs when grains are buried within the partial retention zone, when grains spend a 

brief time at resetting temperatures, or when grains spend a very long time at cooler 

temperatures (see explanation of hold time above). Because each individual grain begins with 

its own budget of 4He and diffusion characteristics, a partially reset detrital sample will exhibit a 

spread of cooling ages, with some grains being older and others younger than the depositional 

age (Figure 2.5).  
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METHODS 

Apatite (U-Th)/He  

I analyzed 14 detrital samples and one basement sample from the Vallecito fault 

hanging wall and eight samples from the proto-Vallecito fault foot wall (Figures 2.3 and 2.6; 

Table 2.1; Plate 1). Samples were selected based on stratigraphic location and position relative 

to the Vallecito fault. Eleven of the 14 detrital samples were originally collected by Cloos (2014) 

for detrital zircon analysis using U-Pb and (U-Th)/He double dating. Existing apatite separates 

from these samples were used in my study. Additional samples were collected to fill gaps and 

supplement the Cloos (2014) samples. Because this region has extreme summer temperatures 

that can heat rocks at the surface to temperatures equivalent to those in a partial retention 

zone, care was taken to sample north-facing and fresh outcrop whenever possible. If the Fish 

Creek Vallecito basin were deposited as a continuous section in the hanging wall of the WSDF, 

without partitioning as predicted in previous structural models, and assuming a geothermal 

gradient between 20 to 50°C per kilometer, we would expect to see fully reset appetite (U-

Th)/He cooling ages below about 1.5- 3.5 km depth in the section (Figure 2.2). The analyzed 

samples are thus from the lower half of the Fish Creek Vallecito basin where this resetting 

signal should be present. Mineral separations and sample analysis were conducted at the 

UTChron (U-Th)/He laboratory at the Jackson School of Geosciences at the University of Texas 

at Austin following the analytical procedures of the lab (https://www.jsg.utexas.edu/utchron-

lab/u-th-he-lab/). An average of 4-7 grains were analyzed for each sample, with more grains 

analyzed for samples with small or broken crystals. I measured the length and width of each 

crystal to estimate a spherical radius and applied an alpha ejection correction accordingly. To 
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capture a more complete thermal history for the FCVB, we used the HeFTy software (Ketcham, 

2005) to create forward and inverse models of select samples.  

Cross-section construction 

To provide context to the U-Th/He results, I constructed a geologic cross-section (Plate 

2) of the FCVB through proximal foot wall-derived strata at line A-A’ (Figure 2.1 and Plate 1). 

The position of the cross-section was selected to best show the relationship between strata in 

the hanging wall of the PVF and the hanging wall of the WSDF. Some stratigraphic relationships 

are simplified and are represented by a single unit. For example, the Hueso Formation contains 

two sub-units of coarse transitional units, and the Olla Formation also contains a coarse 

transitional subunit. The crystalline basement is lithologically undifferentiated in the cross-

section and is colored based on tectonic position relative to the WSDF and PVF. Similarly, faults 

with small amounts of separation are excluded to improve the legibility of the large-scale 

structure of the FCVB. The cross-section was drafted at a smaller scale than the map, at about 

1:48,000.  

 

RESULTS 

Of the samples collected for this study, one sample, Y21-041, did not yield datable 

material, and the rest were analyzed. Samples collected from the crystalline basement rocks 

and from single tonalite clasts in the megabreccias were relatively poor in apatite. The apatites 

of sufficient size for analysis in these samples were often broken, and the crystals that were 

pristine were close to or below the minimum dateable size of 40 µm. Apatite grains in the 
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detrital samples collected by Cloos (2014) were above 60 µm. Detailed analytical results and 

raw data are available in Appendix 2.  

Hanging Wall Dates 

Dates from the hanging wall are presented in stratigraphic order using stratigraphic 

position rather than depth (Figure 2.7; Table 2.2) since it is likely that the two are not 

equivalent given the updated structural model from Young (2023; Chapter 1). In Figure 2.7, the 

date from each grain in a sample is plotted with error bars showing the analytical error. The 

spread in dates within each sample is reduced with depth, indicating reheating of the samples. 

Based on the relationship between the cooling ages and depositional ages, none of the hanging 

wall samples are fully reset, indicating that the lower section was in the partial retention zone. 

Even the basement sample Y21-044 retains grains with dates over 10 Ma. The sample below 

~4200 m (sample 13MCSMG21) shows partial resetting, and samples above 4200 m have no 

reset grains (Figure 2.7). This suggests that the lower FCVB section remained at or below ~60° C 

during subsidence and burial. 

Foot Wall Dates 

Dates from the foot wall are presented based on sample proximity to the trace of the 

proto-Vallecito fault (Figure 2.8; Table 2.3). Sample 27-141-1 from Shirvell (2006; Shivell et al., 

2009) is plotted with the new dates from this study. As with the hanging wall samples, the data 

for each grain in the sample is plotted with bars showing the analytical error. The ages in the 

foot wall generally cluster tighter and younger with proximity to the PVF. Sample Y21-035 is 

older than the samples on either side of it. This sample was collected very close to a fault strand 
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interpreted as part of the proto-Vallecito fault (Plate 1) and may be from a downdropped, 

cooler sliver of rock within the fault zone. None of the foot wall samples have grains younger 

than 7 Ma, indicating minimal erosion and exhumation of the foot wall. 

Cross-section 

 Active strike-slip faults cut the cross-section adjacent to earlier formed normal faults. 

These strike-slip faults are drawn as simple near-vertical faults, although both the Elsinore and 

Vallecito faults have more complex traces at the surface. The basin strata are partitioned across 

the hanging walls of the proto-Vallecito fault and the West Salton detachment fault. Deposition 

of Split Mountain Group, the Fish Creek Gypsum, and the Latrania Formation occurred 

completely within the hanging wall of the proto-Vallecito fault. These units interfinger with 

breccia facies shed from the foot wall of the Vallecito fault. The proto-Vallecito fault intersects 

antithetic normal faults in the line of section; the main trace responsible for basin subsidence 

does not fully reach the surface. Marking the end of its slip history, the proto-Vallecito fault is 

buried by the sedimentary breccia and by the Jackson Fork Member of the Deguynos 

Formation. Near the antithetic faults, the hanging wall is folded, likely due to downwarping of 

the hanging wall during proto-Vallecito fault slip. The Deguynos formation (Mud Hills, Yuha, and 

Camels head members) is not found extensively east of Split Mountain in this map area. 

Therefore, in cross-section the Deguynos formation pinches out around the Split Mountain 

anticline and Split Mountain fault. This pinch-out is reasonable and consistent with basin filling 

due to delta progradation and down dropping as the lower FCVB and adjacent foot wall rocks 

began subsiding in the hanging wall of the West Salton detachment fault. 
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 The base of the section in the hanging wall of the West Salton detachment fault is 

occupied by the canebrake conglomerate, a coarse, locally sourced time transgressive unit that 

occurs everywhere above the crystalline basement rocks and depositionally inter-fingers with 

the basin strata. The Deguynos, Olla, and Hueso formations are shown thickening with depth 

towards the West Salton detachment fault, reflecting deposition in an evolving 

supradetachment basin. The hanging wall of the WSDF is folded into a set of anticline-syncline 

pairs near Sand Canyon and Whale Peak that are not associated with a fault at depth. A 

fanning-dip section is present within the upper Hueso formation that records tilting of the FCVB 

after ~1 Ma. I model this narrow zone of fanning dips as formed during slip above a curviplanar 

reverse-fault bend. This model reflects the hypothesis shown in Model 2, where approximately 

half of the tilting of the FCVB strata occurred during extension and rotation in the hanging wall 

of the West Salton Detachment fault, rather than as a result of later shortening. This allows for 

less burial of the lower FCVB than inferred from Model 1. In the cross-section, the base of the 

Split Mountain Group was likely exhumed from a depth of ~3 km, even though this lies at 

approximately 5.5 km stratigraphic depth. 

 

DISCUSSION 

 Cooling ages from the hanging wall of the proto-Vallecito fault are partially reset in the 

lower part of the transect and not reset in the upper part of the sample transect. This suggests 

lower amounts of burial in the lower FCVB than originally hypothesized by previous work (e.g., 

Dorsey et al., 2012). However, the maximum temperature implied by these samples is still 
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surprisingly low for samples buried to about 3 km, as indicated by the cross-section (Plate 2, 

Model 2 in Figure 2.2). In the foot wall, cooling ages are all older than the base of the FCVB and 

are interpreted as coming from the partial retention zone. These ages generally become 

younger and cluster closer together towards the proto-Vallecito fault, which is indicative of 

modest foot wall uplift and exhumation. The results from both the hanging wall and the foot 

wall apatite helium cooling ages support the structural model of partitioned basin subsidence 

and, thus, reduced exhumation presented in Young (2023: Chapter 1). Because none of the 

hanging wall samples are fully reset, they cannot have been buried as deeply as Model 1 

predicts (Figure 2.2. Even with a relatively low geothermal gradient of 15°C/km, full resetting 

would still be expected below 4 km. A depressed geothermal gradient is reasonable for this 

area due to the rapid sedimentation from the Colorado River Delta, keeping the section cooler 

than expected (e.g., Allen and Allen, 2013; Kolawole and Evenick, 2023). However, it is still 

unlikely that the bottom of the section would have stayed below 60°C in either model. 

 Deposition of the FCVB began at 8 Ma, and burial of the lower FCVB to resetting 

temperatures likely occurred after ~4 Ma (Figure 2.2). This means the hold time was <4 Ma for 

most of the lower FCVB. This short hold time combined with relatively shallow burial likely 

contributes to the lack of fully reset samples in the FCVB. Still, it does not explain the 

surprisingly low maximum temperature implied by the dates. To better understand these 

results, I use forward and inverse thermal models to 1) assess the effects of radiation damage 

on the observed ages, 2) determine a more complete thermal history for the samples, and 3) 

evaluate how the distribution of ages in the local sediment source may be inherited in the 

detrital dates. These models focus on the lower and locally sourced part of the section, 
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particularly the samples from the megabreccias that were obtained from single clasts (Figure 

2.9, samples Y21-048 and Y21-047). Because a single clast was sampled, all analyzed grains 

experienced the same detrital history and sampled the same part of the source rocks. This 

contrasts with a sandstone sample, where each apatite grain will have its own detrital history 

and will sample a different point in the source landscape. Sampling a single clast thus removes 

detrital history and source variation as potential contributions to the distribution of dates 

observed.  

 Of the megabreccia samples, Y21-048 has the clearest positive relationship between the 

date and the effective uranium concentration (eU), making it the best candidate for thermal 

modeling with radiation damage. For sample Y21-048, an average of two grains was input into 

the model to produce a more linear date-eU trend (Figure 2.10). These values with a 20% error 

were used to create an inverse model and obtain possible time-temperature paths (histories) 

for the sample. This model applies the RDAAM correction by Flowers (2009) to account for 

radiation damage to the crystals. In the model set up (Figure 2.11), the first parameter for the 

history is a 30 Myr hold at 200-180° C to allow for the accumulation of radiation damage. The 

second parameter is for time at the surface based on the depositional age of the sample. The 

third and final parameter is relatively unconstrained and allows for paths between the 

maximum depositional age and present-day and between 120°C and the surface (~20 to 40° C), 

which allows the model to freely explore a wide variety of burial and exhumation histories. The 

model finds several good and acceptable paths through these parameters (Figure 2.11). Most 

notably, the peak temperature predicted by the good paths is 80-90°C, and the timing of 

exhumation is between ~4-1 Ma. Importantly, this result suggests that a short hold time 
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increased the effective closure temperature slightly, allowing partial retention of He up to these 

temperatures. These results are more consistent with the maximum temperatures expected for 

burial to ~4 km and suggest that radiation damage and a short hold time are a reasonable 

explanation for the partially reset Ahe dates in the lower FCVB. To further test the validity of 

this model, we take the good paths from the inverse model and run them in a forward model 

predicting the date-eU relationship. The date-eU forward model is a good match to the date-eU 

relationships observed in the data (Figure 2.12).  

For samples Y21-037 and Y21-047, the date-eU relationship is more scattered and 

flatter, making these samples less suitable for thermal modeling on their own. The same 

inverse model set up as sample Y21-048 did not produce any acceptable paths when applied to 

these samples individually. However, when the date-eU values for all three megabreccia 

samples are plotted, they produce a positive date-eU trend covering a larger and younger time 

span than sample Y21-048 alone (Figure 2.13). By averaging the values for these three samples, 

they can be entered into the model together and produce good time-temperature paths (Figure 

2.13). When those paths are put into date-eU forward models, they produce results similar to 

the measured values. I note that such a combination of samples may be invalid because each 

clast comes from a different part of the source area. Nonetheless, this does suggest that 

radiation damaged apatites in the lower FCVB experienced insufficient hold time to fully reset, 

explaining the anomalously low maximum temperatures implied by the data in the absence of 

thermal modeling.  

 While the inverse models above provide context for the partially reset nature of the 

lower section, the spread in the measured dates at each stratigraphic level is not fully explained 
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by radiation damage alone. To explore this problem further, I test whether a distribution of 

cooling ages in the local sediment source would affect the spread of detrital dates. Using a good 

time-temperature pathway and the spread of ages in my basement samples (Figure 2.14), I 

estimate maximum and minimum potential inherited date-eU curves. The dates from the 

basement source area provide a wide range of dates to be expected in the detrital samples. If 

these detrital samples are partially reset, I should expect this range to shrink as helium is lost 

from the samples in proportion to the initial concentration and radiation damage present in 

each crystal. I find that the detrital samples from the Elephant Trees Formation (Samples 

12MCSMG03 and 12MCSMG01) plot within the maximum and minimum model curves (Figure 

2.14). This suggests that inherited cooling ages from the basement source rocks do influence 

the range of partially reset dates observed in the lower FCVB detrital samples.  

Structural Context 

The reduced burial depth of the lower FCVB from my updated structural model 

combined with the cooling ages allows me to estimate a geothermal gradient for the FCVB 

during the last ~8 Myr. The Lower FCVB was likely buried to ~4 km depth. The AHe ages from 

the lowest part of the section are partially reset and indicate maximum temperatures of 60 – 

90°C based on the data alone and thermal modeling respectively. This suggests a geothermal 

gradient of 20-30 deg C / km, which is lower than the modern Salton Trough. Presently the 

Salton Trough exhibits a geothermal gradient as high as ~40°C/km, linked to magmatic 

underplating, placing the 60°C isotherm at <1.5 km depth and the 80°C isotherm at 2 km depth 

(Lachenbruch et al., 1985). The data presented here for the FCVB require a significantly lower 

heat flow at ~8-4 Ma, which may be due to spatial variations (off rift axis) and/or very rapid 
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deposition in the FCVB, depressing the geothermal gradient and keeping the section cool. 

Overall, these new AHe data demonstrate that the FCVB was structurally segmented, subsided 

<6 km where exposed along Fish Creek Wash, and was characterized by a depressed syn-

extensional geothermal gradient.  

Implications for the Tectonic History of the FCVB and WSDF 

Ahe cooling ages from the WSDF foot wall support the structural model presented here 

(Model 2) and lend insight into the relative timing of the WSDF and PVF activity. Whale Peak, in 

the foot wall of the WSDF, shows WSDF activity since ~8.2 Ma (Shirvell, 2006). Because these 

dates are all younger than the spread of dates observed in the hanging wall bedrock and they 

are tightly grouped within each sample, we can assume they are all fully reset. The two samples 

closest to the WSDF at Whale Peak are also the youngest samples, with cooling ages <5 Ma 

(Figure 2.4). The rest of the Whale Peak samples are relatively tightly grouped around ~8-5 Ma 

over a ~600 m span of elevation, suggesting steady and modest exhumation of 200 m/Myr 

during this time. Shirvell et al. (2009) consider sample 110-4 an anomaly due to crystal 

zonation. Ignoring that sample, they interpret acceleration of WSDF activity at 5-6 Ma based on 

the inflection in the age-elevation plot. Alternatively, I interpret rapid exhumation on the WSDF 

beginning at ~4-5 Ma. The youngest and lowest elevation samples were at temperatures of 

~65-70 degrees at 4-3 Ma. Assuming a geothermal gradient of ~25°C/km, these samples were 

exhumed ~3-4 km to their current elevation in that time, requiring an increase in exhumation 

rate from 200 m/Myr to ~1000 m/Myr. This is consistent with the cessation of PVF activity 

around ~4.5 Ma observed by Young (2023; Chapter 1) and the acceleration of subsidence in the 

hanging wall of the WSDF. Other areas, like Pinyon Ridge, may have seen an increase in 
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exhumation of the WSDF foot wall slightly earlier than the Whale peak area, based on the 

subtle inflection in that dataset (Figure 2.4). However, based on the observations presented 

here, the AHe dates that would clearly show a rapid increase in WSDF activity are not yet fully 

exhumed in the foot wall. The stratigraphic evidence supporting this timing of early WSDF 

activity from 8 to 5 Ma is subtle and likely confined to the lower Canebrake Conglomerate; 

other pre-5 Ma units may lie hidden at depth.  

 

CONCLUSIONS  

Apatite (U-Th)/He cooling ages support that deposition of the FCVB was partitioned 

across the proto-Vallecito fault and the West Salton Detachment fault, with ages at the bottom 

of the FCVB section only partially reset. Thermal modeling suggests radiation damage and 

inheritance both affect the spread of dates from the detrital samples. The maximum burial 

temperatures were about 80-90°C, according to the good thermal histories from the inverse 

models. This implies reduced amounts of burial and exhumation compared to previous 

structural models and may suggest rapid sedimentation depressed the geothermal gradient. 

The cessation of proto-Vallecito fault activity around 4.5 Ma predicted from stratigraphic 

relationships (Chapter 1) is consistent with the timing of acceleration on the WSDF system 

based on existing AHe dates. Cross-section analysis of the FCVB suggests less than 3-4 km of 

exhumation for the lower FCVB. Combined with the maximum temperatures from thermal 

modeling, this implies a geothermal gradient of about 20-30°C / km, which is lower than the 
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modern Salton Trough and indicative of a lack of magmatic underplating in this marginal rift 

setting. 
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FIGURES 

 

Figure 2.1. Caption on next page. 
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Caption to Figure 2.1: Geologic map of the FCVB and surrounding region with the extent of 

Figure 2.6 indicated by the solid rectangle. Cross-section line A-A’ is shown here, and on Plate 1, 

the geologic cross-section is on Plate 2. Alluvium is not mapped. Units MPb and PQc are time 

transgressive spanning the Miocene-Pliocene and the Pliocene-Pleistocene respectively; they 

are placed in the legend at the time of their first occurrence. Lower map shows the location of 

the regional map and the FCVB within southern California. Compiled from Young (2023, Chapter 

1), Janecke et al., 2010, and Dorsey et al., 2011. 

CCF = Coyote Creek fault strand of the San Jacinto fault zone, CM = Coyote Mountains, EF = 

Elsinore fault, EVFZ = Earthquake Valley fault zone of the Elsinore fault system, FCM = Fish 

Creek Mountains, FCMF = Fish Creek Mountain fault, FCWF = Fish Creek Wash fault, GM = 

Granite Mountain, IM = Inkopa Mountains, LM = Laguna Mountains, NRC = No Return Canyon, 

NSMF = Northern Split Mountain fault, PVF = proto-Vallecito fault, SFF = San Felipe fault, SMA = 

Split Mountain anticline, SMG = Split Mountain Gorge, SSMF = Southern Split Mountain fault, 

TBM = Tierra Blanca Mountains, VF = Vallecito fault, WP = Whale Peak, WSDF = West Salton 

Detachment fault, VM = Vallecito Mountains, YR = Yaqui Ridge.  

Hillshade in regional geologic map from USGS 3DEP, imagery in lower map from ESRI World 

Imagery (ESRI, 2022). 
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Figure 2.2. Cartoon cross-

section of the FCVB 

approximately parallel to 

Fish Creek Wash. Upper: 

Model 1 for FCVB after 

Dorsey et al. (2012) 

where subsidence occurs 

only over the WSDF. 

Lower, Model 2 after 

Young, 2023 (Chapter 1) 

shows partitioned 

subsidence of the FCVB 

between the PVF and 

WSDF. Stippling shows 

the range of depths for 

the base (high end of the 

temperature range ~65°C) 

of the apatite (U-Th)/He 

partial retention zone 

prior to exhumation at 

~1.3 Ma and shows the 

exhumed position of that 

PRZ at the surface in the 

present day. Samples 

collected from 

stratigraphically below 

the PRZ are expected to 

be completely reset, 

samples collected from 

within the PRZ are 

expected to be partially 

reset, and samples above 

the PRZ would not be 

reset. Unit abbreviations 

as in Figure 2.1. PRZ = 

partial retention zone, 

PVF = proto-Vallecito 

fault, WSDF = West Salton 

detachment fault.  
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Figure 2.3: Map with locations of analyzed apatite (U-Th)/He samples from Shirvell (2006), 

Shirvell et al. (2009), and this study. Sample Y21-041 did not produce dateable material. 

Hillshade from USGS 3DEP. 
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Figure 2.4.  

(upper) AHe dates with 

elevation from five WSDF 

footwall locations (from 

Shirvell et al., 2009). The 

Pinyon Ridge and Whale 

Peak data may signal an 

increase in WSDF activity 

around 5Ma, indicated by 

steepening of the gray line 

drawn through data. This 

acceleration likely 

documents the exhumation 

of Whale Peak during onset 

of or increase in activity of 

the WSDF at this time.  

(lower) Plot of the AHe 

dates with elevation from 

Shirvell (2006; et al. 2009) 

at Whale Peak and 

Moonlight Canyon in the 

footwall of the WSDF fault 

near the FCVB and Whale 

Peak with samples labeled.  

On both plots, each sample 

is shown by multiple points 

representing each analyzed 

grain within that sample. 

The elevation of the 

samples increases away 

from the WSDF, so the 

lowest samples from each 

location are the closest to 

the fault. Grey line 

indicates the trend of the 

dates with elevation. 
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Figure 2.5. Cartoon illustrating detrital thermochronology and how reset, partially reset, and 

not reset ages are determined. Most of the samples from the proto-Vallecito fault hanging wall 

are represented by step 5b or 5c.  
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Figure 2.6. Locations of FCVB AHe samples analyzed in this study. Circles indicate detrital 

samples, squares indicate crystalline rock samples, and a black dot in the center indicates an 

analyzed sample. White dot in sample 27-141-1 indicates data from Shirvell et al., 2009. Sample 

Y21-041 did not yield datable material. See Figure 2.1 for unit labels and full map legend. 
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Figure 2.7. Plot of apatite helium dates from the hanging wall of the proto-Vallecito fault. 

Samples are plotted relative to stratigraphic position and with the depositional age. Locally 

sourced samples are below the transition zone and Colorado River-derived samples are above 

it. Sample 13MCSMG30 is L-suite. Sample Y21-044 is crystalline basement.  
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Figure 2.8. Plot of apatite helium dates from the foot wall of the proto-Vallecito fault. Samples 

are plotted with respect to proximity to the Vallecito fault in map view.  
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Figure 2.9. Stratigraphic column of 

the Fish Creek Vallecito basin with 

the locations of apatite samples used 

in this study. Samples collected by 

Cloos (2014) in green and samples 

collected for this study in blue.  
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Figure 2.10. Plot of AHe date versus effective uranium concentration for sample Y21-048. 20% 

date error was used, and two grains were averaged to produce an input that will be more 

successful in the inverse model.  

Sample Y21-048 
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Figure 2.11. Inverse model set up for sample Y21-048. Boxes drawn on the upper plot indicate 

the constraints the time-temperature paths must fall into. Lower plot shows the results of this 

model, with good time-temperature paths in pink and acceptable paths in green.  
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Figure 2.12. Good paths from the inverse model were used in a forward model to create this 

date versus effective uranium plot. When the forward model results are compared to the 

sample data, the date-eU relationship is similar.  
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Figure 2.13. (upper) Model inputs for all megabreccia samples averaged together. Yellow 

squares indicate model inputs averaged from data. (middle) Inverse model results showing 

good, pink, and acceptable, green, time-temperature paths. (lower) A forward model using the 

good paths produces date-eU curves that are consistent with the date-eU points from the data 

(yellow points).  
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Figure 2.14. (Upper) Histogram of dates from the bedrock samples in the PVF footwall. (Lower) 

Plot of predicted Apatite U-Th/He date versus uranium content envelopes for hypothetical 

samples based on the inheritance and of samples from the Elephant Trees formation derived 

from erosion of the foot wall of the proto-Vallecito fault. Initial ages from zero to 65 Ma. The 

spread of observed ages of locally-derived sediment after burial and exhumation within the 

FCVB falls within the maximum and minimum envelope of inherited, partially reset ages 

predicted from forward model.  

Age 

(Ma) 
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A2 - APPENDIX TO CHAPTER 2 

The appendix to Chapter 2 includes three tables listed and described below.  

 

Table A2.1. Summary of Analyzed and Unanalyzed Apatite (U-Th)/He Samples from the 

Northern Fish Creek Vallecito Basin 

Summarized all samples collected by Cloos, 2014 and Young, 2023 (this study) for AHe analysis, 

including samples that were not analyzed. 

 

Table A2.2: Reduced Apatite (U-Th[Sm])/He Data  

Reduced (U-Th[Sm])/He data from this study, used to make plots and to implement thermal 

models. 

 

Table A2.3: Raw Apatite (U-Th[Sm])/He Data 

Raw (U-Th[Sm])/He data from this study, used to implement thermal models. 
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CHAPTER 3 

Effects of sedimentation on pore-pressure conditions within the Salton Trough 

 

ABSTRACT 

Rapid sedimentation and burial of saturated, porous sediment can lead to the development of 

fluid overpressures at depth as sediments compact and permeability is reduced. Such high pore 

fluid pressure likely exerts a regional control on fault behavior and promotes fault creep at 

shallow depths. The Fish Creek Vallecito basin (FCVB) on the western margin of the Salton 

Trough provides an exposure of rocks analogous to those at depth along the San Andreas fault 

system in the Salton Trough. Both locations experienced rapid sedimentation from the 

Colorado River delta. This study uses a one-dimensional model of basin deposition and 

compaction to test for overpressure conditions in this area using the exposure of rocks in the 

FCVB as a proxy for those at depth in the Salton Trough. The model results show the 

importance of both rapid sedimentation and the presence of caprock layers for the 

accumulation and maintenance of overpressure. This overpressure may also promote 

earthquake triggering in addition to regional fault creep.  
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INTRODUCTION 

Pore-pressure is a first-order control on fault stress conditions and earthquake 

triggering (Brodsky and Prejan, 2005). High heat flow and overpressure conditions due to rapid 

sedimentation are hypothesized to affect fault behavior within the Salton Trough by promoting 

fault creep and earthquake swarms (Harris, 2017). To date, however, there has been little work 

in southern California on the geologic conditions that control pore-pressure at seismogenic 

depths outside of the narrow (meter-scale) fault zone (Faulkner and Rutter, 2001). 

Overpressure (pore-pressure in excess of hydrostatic) is commonly encountered in sedimentary 

basins, where low-permeability sediments and compaction together can reduce pore volume at 

depth (Bethke and Corbet, 1988; Behrmann et al., 2006) and drive pressure up to the lithostatic 

limit (the weight of the saturated rock column). This reduces the normal stress on faults, 

allowing for slip under low shear-stress conditions (Hubbert and Rubey, 1959), promoting fault 

creep over stick slip behavior (Harris, 2017). Modeling of actively subsiding and compacting 

basin sediments shows that sedimentation further contributes to excess pore pressures by 

steadily increasing the load on rocks and hosted fluids (Bethke and Corbet, 1988). Even a 

modest rate of sedimentation can sustain excess pore pressure within low-permeability strata 

or beneath a low-permeability caprock. This pore-pressure enhancement also applies to low-

permeability basement rocks below a sedimentary basin, potentially affecting seismogenic 

faulting within the basement.  

Seismicity in the Salton Trough has important implications for geologic hazards in 

southern California, including the southern terminus of the San Andreas fault, the only portion 

of the San Andreas fault without a historical rupture (Brodsky, 2006; Brodsky and Lajoie, 2013; 
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Ross et al., 2019). The region is seismically active (Ross et al., 2019), and several faults in this 

region creep within the uppermost crust but are locked at depth (Harris, 2017). As an active 

transtensional rift, high heat flow and overpressure conditions due to rapid sedimentation likely 

affect fault behavior within the Salton Trough, but direct observations at seismogenic depth are 

lacking. Elsewhere in California, drilling projects like SAFOD (San Andreas Fault Observatory at 

Depth) (e.g. Holdsworth et al., 2011; Lockner et al., 2011; Gratier et al., 2011; Warr et al., 2014) 

and at Cajon Pass (Zoback et al., 1987; Zoback and Lachenbruch, 1992) provide one of the few 

ways to directly measure and sample the rocks at seismogenic depths in active fault zones. 

Alternatively, exhumed fault zones and surrounding rocks may be studied to infer seismogenic 

conditions at depth, but there are few examples of exhumed fault zones that can be clearly tied 

to present crustal conditions.  

The Salton Trough region contains active geothermal areas, which are at heightened risk 

of triggered and induced seismicity due to regional tectonic and anthropogenic earthquakes, 

respectively (Brodsky, 2006; Goebel et al., 2015). Anthropogenic and natural fluid-mediated 

effects on seismicity associated with geothermal energy are of direct societal concern for 

earthquake forecasting and hazards. For example, fluid injection at the Salton Sea Geothermal 

Field has been correlated to seismicity rates, and there is concern that activation of faults 

within the Brawley Seismic Zone could trigger a major earthquake on the nearby southern San 

Andreas fault (Brodsky and Lajoie, 2013) or other major faults tens of kilometers away due to 

far-reaching poro-elastic effects (Goebel and Brodsky, 2018). Natural and anthropogenic lake 

loading could also trigger major San Andreas fault earthquakes (Luttrell et al., 2007; Brothers et 

al., 2011; Hill et al., 2023). Naturally occurring fluid-pressure enabled fault creep events are 
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proposed to trigger seismic swarms in the Salton Trough region (Chen and Shearer, 2011; 

Lohman and McGuire, 2007). Understanding the natural, in-situ pore-pressure conditions at 

seismogenic depth is essential to model these processes properly. 

The exceptional extent and rate of sedimentation across the Salton Trough results from 

far-traveled sediment delivered by the Colorado River. Regional, long-term (million-year) 

sedimentation rates within the Salton Trough exceed 2 mm/yr (>10 km of sediment within the 

past 5 Myr; Fuis et al., 1984), and within the basin, axis sedimentation has been documented to 

exceed 20 mm/yr adjacent to the Brawley seismic zone (Brothers et al., 2009). The Salton 

Trough is also the site of widespread shallow fault creep and earthquake swarm activity, both 

of which have been attributed to excess pore-pressure conditions and the migration of pore-

fluids (e.g., Harris, 2017; Lohman and McGuire, 2007; Lindsey et al., 2014). These studies 

consider, but do not test, the possibility of hydraulic diffusion of elevated pore pressure deep 

into the sediment column. Here, I model sedimentation, compaction, and pore-pressure 

evolution within the Salton Trough based on natural exposures of basin strata from the Fish 

Creek Vallecito basin and from borehole records from the Salton Trough to construct a model 

of basin pore-pressure evolution. I show that while the rapid sedimentation rate within the 

Salton Trough does promote overpressure in fine-grained sandy strata, the presence of less 

permeable shale and mudstone caprock units is essential for maximizing that overpressure and 

maintaining it over time. 
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BACKGROUND 

The Fish Creek Vallecito basin (FCVB), a subbasin of the Salton Trough, provides an 

unusually well-exposed sedimentary record of the late Cenozoic northern Gulf of California rift 

(Figure 3.1). This sedimentary section contains both locally sourced sediment and sediment 

delivered by the Colorado River and is analogous to the sedimentary section at depth in the 

modern Salton Trough. In prior work, I examined the structural, thermal, and subsidence record 

of this basin (Young, 2023, Chapters 1&2). Here, I use this context to elucidate the development 

of overpressure conditions under the influence of a high sedimentation rate within the 

Colorado River delta. The FCVB exposes the upper 2 to 4 km of the crust heated to <90°C and 

thus provides an opportunity to directly sample relatively unaltered rocks from the upper 

seismogenic zone to test whether overpressure conditions may have developed at depth. 

Geologic mapping from Young (2023, Chapter 1) shows that the FCVB deposition and 

subsidence was partitioned between two normal faults: the West Salton Detachment fault and 

the proto-Vallecito fault, a predecessor to the active, sinistral Vallecito fault (Figure 3.2). This 

model is supported by depositional relationships within marginal marine facies of the well-

known Split Mountain and Imperial Groups, including newly defined proximal, scarp-derived 

facies along the proto-Vallecito fault.  

New apatite (U-Th)/He data by Young (2023, Chapter 2) from the lower half of the FCVB 

section and adjacent basement show partial to no resetting, as indicated by preservation of 

detrital age signatures. Thermal modeling supports that rapid sedimentation depressed the 

geothermal gradient, keeping the section cool at depth, with maximum temperatures of about 

80-90°C. Though the sediments preserved within the FCVB are analogous to those within the 
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greater Salton Trough, the geothermal gradient is much higher within the present-day rift axis, 

which has been attributed to continental rupture and magmatic underplating (Chapter 2).  

Using this new structural and tectonic context for the Fish Creek Vallecito basin and 

borehole observations from near the Salton Sea, I seek to assess the effects of rapid 

sedimentation and presence of units with low hydraulic conductivity on the development of 

excess hydraulic head within the basin. I predict that these characteristics of the Fish Creek 

Vallecito basin and Salton Trough lead to the development of overpressure, or excess pore fluid 

pressure, which may promote regional fault creep. 

 

METHODS 

Model Set Up 

To model the nonlinear coupled effects of sedimentation, compaction, and fluid flow, I 

developed a Python-based implementation of Bethke and Corbet's (1988) one-dimensional 

basin model. This model describes how fluid flow evolves in response to the effects of sediment 

and water added to the surface over geologic time. Because overpressure, or excess hydraulic 

head, is reflected in the rock record by porosity values higher than expected for a given burial 

depth (Bethke and Corbet, 1988; Jiang et al., 2010), I set up a model that will allow for 

comparison against measurable properties (e.g., porosity and permeability), allowing for future 

comparison of model results to measured values in the rock record.  



136 
 

For the case of constant of hydraulic conductivity, K, and specific storage, S, the upward 

diffusion of water in a growing sediment column over an impermeable basement is described 

analytically by the Gibson equation (Gibson, 1958): 

𝐾

𝑆

𝜕2ℎ

𝜕𝑧2
=

𝜕ℎ

𝜕𝑡
−

𝜌′

𝜌
𝜔 (1) 

Here, h is the hydraulic head in excess of hydrostatic, z is elevation above an effectively 

impermeable basement, and ω is the sedimentation rate. ⍴’ is the difference between the 

saturated sediment density, ⍴, and the density of the pore fluid. The ratio K/S is the hydraulic 

diffusivity. 

 Bethke and Corbet (1988) extended the Gibson (1958) model to the more geologically 

realistic condition where both K and S evolve as sediment compaction removes porosity, ɸ. In 

this case, the governing equation becomes non-linear because both porosity and permeability 

are functions of effective stress and, thus, depth: 

 
𝜕

𝜕𝑧
(𝐾(𝜙)

𝜕ℎ

𝜕𝑧
) = 𝑆(𝜙) (

𝜕ℎ

𝜕𝑡
−

𝜌′

𝜌
𝜔) (2) 

This equation is solved with a two-pass implicit finite difference approach. At each time step, 

the first pass uses an estimate of effective stress, σe, to predict S. The second pass uses a 

revised effective stress based on the updated hydraulic head. The topmost element of this 

model grows over time as sediment is added, with new elements added once the topmost 

element attains the thickness of the other elements of the model. Porosity is parameterized 

with an exponential relationship (Athy, 1930): 

 𝜙 =  𝜙0𝑒𝑥𝑝 (−
𝑏𝜎𝑒

𝜌′𝑔
) (3) 
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Initial porosity, ɸ0, and the constant b are material parameters that depend on sediment type, 

and g is the acceleration due to gravity. 

 The algebraic approximation of the governing equation (eq. 2) is:  

1

2
[𝑆𝑛 + 𝑆𝑛+1] (

ℎ𝑖
𝑛+1−ℎ𝑖

𝑛

∆𝑡
− 𝜔

𝜌′

𝜌
) =

1

2∆𝑧2 [𝐾𝑖+1
2⁄ (ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1

2⁄ (ℎ𝑖−1 − ℎ𝑖)]
𝑛+1

+

1

2∆𝑧2 [𝐾𝑖+1
2⁄ (ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1

2⁄ (ℎ𝑖−1 − ℎ𝑖)]𝑛  (4) 

Where ∆z is the spacing of the nodal block and ∆t is the time step (Bethke and Corbet 1988). 

Subscript i refers to the depth of an element within the model, and the superscript n refers to 

the time step. This equation is solved following a Crank-Nicolson approach (Crank and Nicolson, 

1947), which is then represented and solved in matrix form:   

𝑋ℎ𝑛+1 = 𝑌ℎ𝑛 + 𝑑 (5) 

The top boundary condition is dictated by the location of the depositional surface and by the 

condition that the top element may be thinner than the underlying element (Figure 3.3). The 

second derivative term for three unequally spaced elements is shown in Figure 3.3. The basal 

boundary condition is: 

𝑑

𝑑𝑧
= 0: ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1 → −ℎ𝑖 + ℎ𝑖−1  (6) 

We extended the original model of Bethke and Corbet (1988) to include layers of 

different properties, suitable for modeling the intercalation of high- and low-permeability strata 

present within the Salton Trough. For a detailed list of equations used in this model and the 

python implementation and validation, please see Appendix 3.1 and 3.2.  
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Model Inputs 

I use the fluvial, marine, deltaic, and lacustrine sediments in the Fish Creek Vallecito 

basin and the Salton Trough as model inputs for the element types, order of stratigraphy, and 

sedimentation rates over time. Modeled stratigraphy for the FCVB is simplified from Dorsey et 

al. (2011) and derived from surface exposures of the exhumed sedimentary section. I model the 

FCVB strata as both a continuous 5.5 km-thick section and as thinner sections deposited within 

a partitioned basin. For the continuous FCVB model, rates and thickness for FCVB deposition 

are also from Dorsey et al. (2011). For the partitioned FCVB model, depth of burial and 

sedimentation rates for FCVB sediment is based on the structural model in Young (2023, 

Chapters 1&2, Figure 3.2). Stratigraphy and sedimentation rates for the modern Salton Trough 

are simplified from borehole data (Babcock, 1974; Randall, 1974). Porosity and permeability 

values for each element were estimated based values from Mann and MacKenzie (1990). I also 

model a reference column of only fine sand using the same sedimentation rates over time as 

used when modeling the modern Salton Trough. This reference column allows for comparison 

between varied basin stratigraphy with high and low permeability units and uniform 

stratigraphy, where low permeability units are absent. Once the model column has been built 

to represent the respective location/basin, I add 500 m of coarse sand at 0.0001 mm/yr and 

100m of coarse sand at 0.0001 m/yr. This reduction in sedimentation rate causes deposition in 

the model to essentially cease and shows how the observed properties change because of this 

cessation.  
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Model Validation 

Samples were collected from throughout the entire FCVB section. From these samples, I 

can measure the density and estimate porosity of the rocks in the exhumed FCVB to compare 

against the model-predicted values. Methods for determining the density and porosity available 

to me thus far have been too imprecise for use in measuring these samples. Additional 

approaches remain untried and were incompatible with the timeline and the budget for this 

dissertation.   

 

RESULTS  

 Using this model, I track how porosity, hydraulic conductivity, pore pressure ratio, and 

excess hydraulic head change with depth for a given sediment column and sedimentation rates. 

Overpressure is represented here by excess hydraulic head (h), which is measured in meters 

and is the height of water in excess of hydrostatic. Pore pressure ratio (λ) is the ratio of pore 

pressure over lithostatic stress and is unitless. Permeability is evaluated here as hydraulic 

conductivity (K), which is the ease with which water passes through a medium and is reported 

in m-2. Porosity (ɸ) is the unitless percentage of void space in a volume of rock. Most plots in 

this section show h and ɸ. Some, but not all, show K since the shape of the curve for K is usually 

predictable from ɸ, and the values do not vary widely for different sedimentation rates.  

 First, I test the effect of sedimentation rate on excess hydraulic head with depth. To do 

this, I model a simple column of sand. The lower 500 m is coarse sand, mimicking the coarse 
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units expected on top of bedrock for the Salton Trough region. Then, I add fine sand on top. 

This same column is built with sedimentation rates of 0.0001, 0.001, 0.01, and 0.1 m/yr, as well 

as with a variable sedimentation rate similar to that expected for the Salton Trough (Figure 3.4). 

The excess hydraulic head builds up in the fine sand layer and more than doubles with each 

order of magnitude increase in sedimentation rate. The maximum rate of the varied column is 

0.006 m/yr. The amount of additional excess hydraulic head for the varied rate is about twice 

that for the column modeled at 0.001 m/yr. The shape of the varied rate curve is comparable to 

the constant rate curves.  

 Second, I tested the effect of sedimentation rate and presence of caprock on effective 

hydraulic head. To do this, I modeled different stratigraphic columns at two rates: 0.0005 m/y 

and 0.01 m/yr (Figure 3.5). The four columns modeled all have a 500 m coarse sand layer at the 

base. I then varied the position of a shale layer throughout a column of fine sand and included a 

column without the shale layer as a control. For all modeled columns, the amount of excess 

hydraulic head is higher above the shale layer when the sedimentation rate is faster. For the 

model with shale at the base of the section, the amount of excess hydraulic head below the 

shale is comparable between the two sedimentation rates tested. For the model with shale in 

the middle of the section, the amount of excess hydraulic head below the shale is comparable 

but ~100 m lower for the slower rate. For the model with shale at the top of the section, the 

amount of excess hydraulic head below the shale for the slower rate is almost half that of the 

faster rate. For the column without shale, similar to the relationships shown in Figure 3.4, the 

slower rate has about 970 m less excess hydraulic head than the faster sedimentation rate. 

Porosity values do not change as dramatically, generally starting at around 0.54 and decreasing 
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to 0.52 in the fine sand. This decrease occurs and is preserved both below and above the shale 

layers. The porosity of the shale stays at about 0.625. Note that there are some edge artifacts 

that appear at the boundaries between fine sand and shale layers that show up in the porosity 

curves. These occur due to interpolation of permeability across the boundary and are ignored 

for this study.  

Last, I replicated two simplified columns of Salton Trough stratigraphy from the FCVB 

and from a borehole near the Salton Sea. These columns varied in both sediment type and 

sedimentation rate, as shown in Figure 3.6. The FCVB was modeled as a continuous basin after 

Dorsey et al. (2011) and as a partitioned basin after Young (2023, Chapters 1&2). The 

continuous FCVB model set up assumes deposition was continuous and the full thickness of the 

FCVB strata occurred in a single column (Figure 3.6). The partitioned model treats the lower 

FCVB (Deguynos and lower) and upper FCVB (Deguynos and above) as separate columns and 

uses thickness and rates based on Young (2023, Chapters 1&2). Partitioning does not produce 

significant differences in results (Figure 3.7). The shapes of each part of the curve are the same, 

but in the lower FCVB, the excess hydraulic head is about 600 m, and in the upper FCVB, excess 

hydraulic head is about 3000 m, compared to just under 3500 m for the continuous FCVB 

model. Since the upper FCVB is more analogous to the Salton Trough, and since the excess 

hydraulic head is comparable between the two, it appears that the FCVB is a reasonable proxy 

for pore-pressure conditions within the Salton trough. For simplicity, additional models of the 

FCVB were performed using the continuous model setup.  

For the Salton trough, the modeled section is based on borehole data and measured 

section from the western shore of the Salton Sea (Babcock, 1974; Randall, 1974)). This column 
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is compared with an all-sand column with the same changes in sedimentation rate as a point of 

reference. In the reference sand column, the increase in excess hydraulic head with depth is 

significantly less than in the column modeled with varied strata over the same sedimentation 

rate changes and duration. Porosity also decreases with depth in the reference sand column, 

compared to the varied strata. There is less compaction in the varied strata than in the sand 

column, as shown by the porosity curves in Figure 3.6. For both the FCVB and the Salton Trough 

columns, the pore pressure ratio (λ) is > 0.6 below 500-1000m depth (Figure 3.6). 

In a final set of models, I slow deposition above the FCVB and Salton Trough and 

reference columns to 0.0001 m/yr for 500 m (5 Myr) and for 100 m of sediment (1 Myr). While 

5 Myr m is an unrealistic period of slow sedimentation for the region, it is a way to explore the 

effects of prolonged slowing or cessation of deposition on the decline of overpressure 

conditions at depth. When deposition is slowed, fluid escape can keep up with or outpace 

burial. In the FCVB and Salton Trough columns, with shale layers, the excess hydraulic head is 

maintained and continues to increase with burial despite slow deposition. In the reference sand 

column, the excess hydraulic head at depth declines to nearly zero in both cases. The 500 m of 

slow deposition is shown in Figure 3.6, and the 100 m is similar, with excess head decreasing 

from over 200 m during rapid deposition to about 12 m during slowed deposition. The presence 

of shale caprock is thus vital to maintaining the overpressure conditions at depth when the 

sedimentation rate is no longer sufficient and pore fluids can escape out of unconfined layers.  
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DISCUSSION 

In both the Salton Trough and FCVB sections, overpressure develops within the 

lowermost basin sediments, beneath low permeability facies like delta front shale and silt from 

the Colorado River. Low permeability mudstones act as caprocks, creating confined aquifers in 

the sand layers below them. Elevated pore pressure at depth occurs below these units and 

approaches lithostatic pressure more readily than when caprocks are absent. In the underlying 

sand units, porosity and hydraulic conductivity continue to decrease with depth/burial, though 

at a lower rate than in the unconfined case. The change in excess hydraulic head below the 

caprock is slowed almost completely as the rate of fluid migration out of the sediment is also 

slowed. When combined with the continued addition of sediment and water above the 

caprock, the relative reduction in fluid migration drives overpressure development. When 

caprock is present, this overpressure is maintained even when the sedimentation rate is near 

zero. In the all-sand reference column, however, reducing the sedimentation rate allows fluids 

to escape from the column, reducing the excess hydraulic head to nearly zero over 5 Myr and to 

a nominal value of ~12 m over 1 Myr.  

Two important outcomes of these preliminary models are: 1) within the actively 

subsiding Salton Trough, the ratio of pore pressure to lithostatic load (λ) is probably 

everywhere ≥0.6 (Figure 3.6) due to the combination of lower-density porous sediment and 

excess pore pressure developed beneath fine-grained lacustrine and marine strata. This is well 

above the standard value of λ≅0.4 assumed for effective stress in bedrock under hydrostatic 

conditions – an assumption common in Coulomb stress transfer models (e.g., Toda, 2005). 2) 

Overpressure conditions are likely present and could promote fault creep in the Salton Trough. 
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Faults like the southern San Andreas fault, Superstition Hills fault, and the Imperial fault creep 

within the upper 0-4 km of the crust (Harris 2017 and references therein). Our modeled 

sediment columns show significant pore fluid pressure developing at these depths, which may 

lead to aseismic behavior in the brittle upper crust.  

Future work may explore coulomb stress changes and lake loading, the reduction of 

stress on faults due to the excess pore pressure, thermal effects, and the relationship between 

pore pressure, creep, and seismicity. Coulomb stress changes due to periodic flooding of the 

Salton Trough (e.g., Lake Cahuilla) load the basin and produce associated pore-pressure 

changes that have been proposed and shown to trigger earthquakes along the southern San 

Andreas fault (Luttrell et al., 2007; Brothers et al., 2011; Hill et al., 2023). Alternatively, as 

pointed out by Brothers et al. (2011), direct loading of low-permeability aquicludes by the 

weight of flood water could also contribute to excess pore pressure at seismogenic depths. The 

relationship between surface water loading and excess pore fluid pressure promoting fault 

creep is yet unexplored. Embedded, fault-specific pore pressure conditions, which may be 

strongly affected by a damage zone with higher fracture permeability surrounding low-

permeability fault core, may also be a topic of future study. Excess pore fluids may also change 

the thermal and chemical properties of rocks at depth (e.g., Kämmlein and Stollhofen, 2019) 

and is worth considering in models of regional heat flow. Similarly, future work to explore the 

relationship between model results and regional seismicity would benefit from direct testing of 

density and porosity from the strata exposed within the FCVB to validate modeled values. 
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CONCLUSIONS  

The sediment columns modeled in this study support the development of overpressure 

at depth in the Salton Trough. This is important as overpressure likely leads to fault creep, 

which is observed regionally, and may promote earthquake triggering. High sedimentation rates 

help promote overpressure development, especially in sandy units. The presence of 

impermeable caprocks is essential for maintaining overpressure at depth once deposition has 

slowed or stopped. In the FCVB, the Deguynos Formation and the lacustrine units of the Palm 

Spring Group act as caprocks, elevating the excess hydraulic head. Even without these 

impermeable units, rapid sedimentation rates, like those seen in the Salton Trough, can 

produce excess hydraulic head at depth in the region.   
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FIGURES 

 
Figure 3.1. Caption on following page 
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Caption to Figure 3.1: Geologic map of the FCVB and surrounding region. Alluvium is not 

mapped. Units MPb and PQc are time transgressive, spanning the Miocene-Pliocene and the 

Pliocene-Pleistocene respectively; they are placed in the legend at the time of their first 

occurrence. Lower map shows the location of the regional map and the FCVB within southern 

California and the Quaternary fault and fold database (USGS and CGS). See Plate 1 for the 

position of the map area within the state of California. Compiled from Dorsey et al. (2011), 

Janecke et al. (2010), and this study. 

CCF = Coyote Creek fault strand of the San Jacinto fault zone, CM = Coyote Mountains, EF = 

Elsinore fault, EVFZ = Earthquake Valley fault zone of the Elsinore fault system, FCM = Fish 

Creek Mountains, FCMF = Fish Creek Mountain fault, GM = Granite Mountain, GQF = Gypsum 

Quarry fault, IM = Inkopa Mountains, LM = Laguna Mountains, NRC = No Return Canyon, NSMF 

= Northern Split Mountain fault, PVF = proto-Vallecito fault, SFF = San Felipe fault, SMA = Split 

Mountain anticline, SMG = Split Mountain Gorge, SSMF = Southern Split Mountain fault, TBM = 

Tierra Blanca Mountains, VF = Vallecito fault, WP = Whale Peak, WSDF = West Salton 

Detachment fault, VM = Vallecito Mountains, YR = Yaqui Ridge.  

Hillshade in regional geologic map from USGS 3DEP, imagery in lower map from ESRI World 

Imagery (ESRI, 2022).  
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Figure 3.2. Model of FCVB evolution based on Young (2023, Chapters 1&2). Note the basin is 

partitioned across two normal faults.  
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Figure 3.3. Diagram showing how elements are added to the model. Additional details available 

in Appendix 3.1. 
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Figure 3.4. Plot of excess hydraulic head with depth for a column of all sand deposited at range 

of sedimentation rates. 
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Figure 3.5. Plots of excess hydraulic head and porosity with depth for columns modeled at 

0.0005 m/yr (right) and at 0.01 m/yr (left). In each column, the position of the shale layer was 

varied, as shown by the column modeled in the middle of the figure. 
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Figure 3.6. Caption on following page  
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Caption to Figure 3.6. Plots showing how excess hydraulic head, pore pressure ratio, hydraulic 

conductivity, and porosity vary with depth for three different stratigraphic columns using our 

1D model. The first stratigraphic column is a simplified version of the FCVB stratigraphy 

deposited with rates based on Figure 7 (first row). The second stratigraphic column is an 

approximate version of the stratigraphy in the modern Salton Trough (Babcock, 1974; Randall, 

1974). This is plotted with the third stratigraphic column, which is deposited at the same rate as 

the approximate modern Salton Trough but is simplified to 500 m of coarse sand at the bottom, 

followed by fine sand to the top. This comparison shows how important shale layers are in 

building excess hydraulic head (second row). The bottom left plot shows excess hydraulic head 

with depth for all three stratigraphic columns after having 500 m of coarse sand added to the 

top at 0.0001 mm/yr. For the FCVB and the approximate modern Salton Trough, the curves 

below this deposition shift down and to the right, but their shape is largely unchanged.   
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Figure 3.7. Plot of excess hydraulic head and porosity with depth for the Fish Creek Vallecito 

basin based on sedimentation rates consistent with the Young (2023) model of partitioned 

basin deposition. The upper plot is a detailed FCVB column without partition, and the lower two 

diagrams are that same column split into two separate columns at the Deguynos Formation.  
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A3 – APPENDIX TO CHAPTER 3 

The appendix to Chapter 3 has two parts listed below.  

Appendix 3.1 – Finite Difference Scheme of Bethke and Corbet, 1988 

Appendix 3.2 – Python Implementation of the Finite Difference Scheme  
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Appendix 3.1 – Finite Difference Scheme 

This is the supplementary information for Chapter 3. This document walks through the solutions applied 

to the equations from Bethke and Corbet (1988) that are then used to make the compaction model 

presented in Chapter 3. The python implementation of this is found in Appendix 3.2.  

 

Finite difference scheme based on Bethke and Corbet (1988) eq. 11  

This equation is not used in the model but is kept here as a record.  

1

2
[𝑆𝑛 + 𝑆𝑛+1] (

ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛

𝛥𝑡
− 𝜔

𝜌′

𝜌
) =

𝐾

2𝛥𝑧2
[(ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1)𝑛+1 + (ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1)𝑛] 

Solving this equation follows a Crank-Nicolson approach (Crank and Nicolson, 1944). Elements 
from the 𝑛 + 1 time step are moved to the left hand side of the finite-difference equation:  

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) =

𝐾𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
[(ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1)𝑛+1 + (ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1)𝑛] 

𝑟 =
𝐾𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
 

−𝑟ℎ𝑖−1
𝑛+1 + (1 + 2𝑟)ℎ𝑖

𝑛+1 − 𝑟ℎ𝑖+1
𝑛+1 = 𝑟ℎ𝑖−1

𝑛 + (1 − 2𝑟)ℎ𝑖
𝑛 + 𝑟ℎ𝑖+1

𝑛 + 𝜔𝛥𝑡
𝜌′

𝜌
 

This equation may be represented and solved in matrix form: 

𝑋ℎ𝑛+1 = 𝑌ℎ𝑛 + 𝑑 

where the diagonal of 𝑋 and 𝑌 are 1 + 2𝑟 and 1 − 2𝑟, respectively, and the immediate off 
diagonal components are −𝑟 or +𝑟, respectively. The solution is found by: 

ℎ𝑛+1 = 𝑋−1[𝑌ℎ𝑛 + 𝑑] 

Because 𝑋 is tridiagonal, finding 𝑋−1 is a fast (order n) operation. 

Boundary conditions of the model change the coefficients of the first, second, and last rows of 
𝑋 and 𝑌: 

Basal boundary condition, 𝑑ℎ/𝑑𝑧 = 0: ℎ𝑖+1 − 2ℎ𝑖 + ℎ𝑖−1 → −ℎ𝑖 + ℎ𝑖−1. The coefficients for 
the last row of the matrix become −𝑟, 1 + 𝑟 or 𝑟, 1 − 𝑟 for 𝑋 and 𝑌, respectively. Note that 
there is no coefficient for ℎ𝑖+1 in the last row. 

 

Top boundary condition dictated by location of depositional surface, and that the thickness of 
the top element may be less than the underlying element. As illustrated here: 
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Figure A3.1. Visualization of top boundary condition 

The second derivative term for three equally spaced elements: 

𝑑2ℎ

𝑑𝑧2
=

ℎ𝑖+1 − ℎ𝑖

𝛥𝑧 −
ℎ𝑖 − ℎ𝑖−1

𝛥𝑧
𝛥𝑧

 

The second derivative term for three unequally spaced elements (see figure): 

Centered on element 1: 
𝑑2ℎ

𝑑𝑧2 =
ℎ𝑖+1−ℎ𝑖

𝐵
−

ℎ𝑖
𝐴

𝐶
=

ℎ𝑖+1−ℎ𝑖

𝐵𝐶
−

ℎ𝑖

𝐴𝐶
 

Centered on element 2: 
𝑑2ℎ

𝑑𝑧2 =
ℎ𝑖+1−ℎ𝑖

𝛥𝑧
−

ℎ𝑖−ℎ𝑖−1
𝐵

𝐷
=

ℎ𝑖+1−ℎ𝑖

𝐷𝛥𝑧
−

ℎ𝑖−ℎ𝑖−1

𝐵𝐷
 

From the geometry shown above: 

𝐴 =
𝑧1

2
 

𝐵 =
𝑧1

2
+

𝑧2 − 𝑧1

2
=

𝑧2

2
 

𝐶 =
𝐴

2
+

𝐵

2
=

𝑧1

4
+

𝑧2

4
=

1

4
(𝑧1 + 𝑧2) 

𝐷 = 𝑧2 − 𝐴 −
𝐵

2
= 𝑧2 −

𝑧1

2
−

𝑧2

4
=

3

4
𝑧2 −

1

2
𝑧1 

As 𝑧1 → 𝛥𝑧, 𝐴 →
1

2
𝛥𝑧, 𝐵, 𝐷 → 𝛥𝑧, and 𝐶 →

3

4
𝛥𝑧 
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We wish to retain the values of 𝑟 calculated above. Doing this requires factoring out 𝛥𝑧2. We 
replace 𝑧1 and 𝑧2 with: 

𝜁1 =
𝑧1

𝛥𝑧
, 𝜁2 =

𝑧2

𝛥𝑧
 

Recalculating the denominators above with 𝛥𝑧2 factored: 

1

𝛥𝑧2
𝐵𝐶 = 𝛽1 =

𝜁2

8
(𝜁1 + 𝜁2) 

1

𝛥𝑧2
𝐴𝐶 = 𝛽2 =

𝜁1

8
(𝜁1 + 𝜁2) 

1

𝛥𝑧2
𝐷𝛥𝑧 = 𝛽3 =

3

4
𝜁2 −

1

2
𝜁1 

1

𝛥𝑧2
𝐵𝐷 = 𝛽4 =

𝜁2

8
(3𝜁2 − 2𝜁1) 

Rewriting eq. 11 in second derivative form: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) = 

𝐾𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
[(ℎ𝑖+1 − ℎ𝑖)𝑛+1 − (ℎ𝑖 − ℎ𝑖−1)𝑛+1 + (ℎ𝑖+1 − ℎ𝑖)𝑛 − (ℎ𝑖 − ℎ𝑖−1)𝑛] 

 

In the first row, ℎ𝑖−1 = 0 and with the correction coefficients the equation becomes: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) =

𝐾𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
[
(ℎ𝑖+1 − ℎ𝑖)𝑛+1

𝛽1
−

ℎ𝑖
𝑛+1

𝛽2
+

(ℎ𝑖+1 − ℎ𝑖)𝑛

𝛽1
−

ℎ𝑖
𝑛

𝛽2
] 

From this, for row 1, we derive a new coefficient for ℎ𝑖  (note that the 1 comes from the ℎ𝑖  on 
the original left hand side). Use plus for 𝑋 and minus for 𝑌. 

1 ± 𝑟 [
1

𝛽1
+

1

𝛽2
] 

 

We also find a new coefficient for ℎ𝑖+1. Use minus for 𝑋 and plus for 𝑌 

∓𝑟
1

𝛽1
 

 

Note that there is no coefficient for ℎ𝑖−1 for the first row. 
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For the second row: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
)

=
𝐾𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
[
(ℎ𝑖+1 − ℎ𝑖)𝑛+1

𝛽3
−

(ℎ𝑖 − ℎ𝑖−1)𝑛+1

𝛽4
+

(ℎ𝑖+1 − ℎ𝑖)𝑛

𝛽3

−
(ℎ𝑖 − ℎ𝑖−1)𝑛

𝛽4
] 

 

For row 2, we similarly derive a new coefficient for ℎ𝑖  (note that the 1 comes from the ℎ𝑖  on the 
original left hand side). Use plus for 𝑋 and minus for 𝑌. 

1 ± 𝑟 [
1

𝛽3
+

1

𝛽4
] 

The new coefficients for ℎ𝑖+1 and ℎ𝑖−1, respectively. Use minus for 𝑋 and plus for 𝑌 

∓𝑟
1

𝛽3
, ∓𝑟

1

𝛽4
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Finite difference scheme based on Bethke and Corbet (1988) eq. 13 

 

1

2
[𝑆𝑛 + 𝑆𝑛+1] (

ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛

𝛥𝑡
− 𝜔

𝜌′

𝜌
) = 

1

2𝛥𝑧2
[𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛+1

+
1

2𝛥𝑧2
[𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛
 

 

Solving this equation follows a Crank-Nicolson approach (Crank and Nicolson, 1944) very similar 
to what we employed for eq. 11. Elements from the 𝑛 + 1 time step are moved to the left hand 
side of the finite-difference equation:  

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) = 

𝛥𝑡

[𝑆𝑛+𝑆𝑛+1]𝛥𝑧2 [𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]
𝑛+1

+  

𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
[𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛
 

 

𝑟 =
𝛥𝑡

[𝑆𝑛 + 𝑆𝑛+1]𝛥𝑧2
 

 

−𝑟𝐾𝑖−1/2ℎ𝑖−1
𝑛+1 + (1 + 𝑟𝐾𝑖+1/2 + 𝑟𝐾𝑖−1/2)ℎ𝑖

𝑛+1 − 𝑟𝐾𝑖+1/2ℎ𝑖+1
𝑛+1

= 𝑟𝐾𝑖−1/2ℎ𝑖−1
𝑛 + (1 − 𝑟𝐾𝑖+1/2 − 𝑟𝐾𝑖−1/2)ℎ𝑖

𝑛 + 𝑟𝐾𝑖+1/2ℎ𝑖+1
𝑛 + 𝜔𝛥𝑡

𝜌′

𝜌
 

 

This equation may be represented and solved in matrix form: 

𝑋ℎ𝑛+1 = 𝑌ℎ𝑛 + 𝑑 

where the diagonal of 𝑋 and 𝑌 are 1 + 𝑟(𝐾𝑖+1/2 + 𝐾𝑖−1/2) and 1 − 𝑟(𝐾𝑖+1/2 + 𝐾𝑖−1/2), 

respectively, and the immediate off diagonal components are −𝑟𝐾𝑖−1/2 and −𝑟𝐾𝑖+1/2 or 

𝑟𝐾𝑖−1/2 and 𝑟𝐾𝑖+1/2, respectively. The solution is found by: 

ℎ𝑛+1 = 𝑋−1[𝑌ℎ𝑛 + 𝑑] 
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Boundary conditions of the model change the coefficients of the first, second, and last rows of 
𝑋 and 𝑌: 

Basal boundary condition, 𝑑ℎ/𝑑𝑧 = 0: ℎ𝑖+1 − ℎ𝑖 = 0. The finite difference equation simplifies 
to: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) = 𝑟[𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛+1
+ 𝑟[𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛
 

Re-arranging so that 𝑛 and 𝑛 + 1 terms are separated: 

ℎ𝑖
𝑛+1 − 𝑟𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)𝑛+1 = ℎ𝑖

𝑛 + 𝑟𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)𝑛 + 𝜔𝛥𝑡
𝜌′

𝜌
 

−𝑟𝐾𝑖−1/2ℎ𝑖−1
𝑛+1 + (1 + 𝑟𝐾𝑖−1/2)ℎ𝑖

𝑛+1 = 𝑟𝐾𝑖−1/2ℎ𝑖−1
𝑛 + (1 − 𝑟𝐾𝑖−1/2)ℎ𝑖

𝑛 + 𝜔𝛥𝑡
𝜌′

𝜌
 

The coefficients for the last row of the matrix become −𝑟𝐾𝑖−1/2, 1 + 𝑟𝐾𝑖−1/2 or 𝑟𝐾𝑖−1/2, 1 −

𝑟𝐾𝑖−1/2 for 𝑋 and 𝑌, respectively. Note that there is no coefficient for ℎ𝑖+1 in the last row. 

The top boundary condition requires careful consideration of the distances between elements, 
that ℎ𝑖−1 = 0, and that 𝐾𝑖−1/2 → 𝐾𝑖. Starting with eq. 13 with 𝑟 factored out and geometric 

factors derived above for Eq. 11. For the first row: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) = 𝑟 [

𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖)

𝛽1
−

𝐾𝑖ℎ𝑖

𝛽2
]

𝑛+1

+ 𝑟 [
𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖)

𝛽1
−

𝐾𝑖ℎ𝑖

𝛽2
]

𝑛

 

The coefficient for ℎ𝑖, below. Use plus for 𝑋 and minus for 𝑌. 

1 ± 𝑟 [
𝐾𝑖+1/2

𝛽1
+

𝐾𝑖

𝛽2
] 

The coefficient for ℎ𝑖+1. Use minus for 𝑋 and plus for 𝑌. There is no coefficient for ℎ𝑖−1. 

∓𝑟
𝐾𝑖+1/2

𝛽1
 

And for the second row: 

(ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛 − 𝜔𝛥𝑡
𝜌′

𝜌
) = 

𝑟 [
𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖)

𝛽3
+

𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)

𝛽4
]

𝑛+1

+ 𝑟 [
𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖)

𝛽3
+

𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)

𝛽4
]

𝑛
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The coefficients for ℎ𝑖  become 1 + 𝑟 [
𝐾𝑖+1/2

𝛽3
+

𝐾𝑖−1/2

𝛽4
] and 1 − 𝑟 [

𝐾𝑖+1/2

𝛽3
+

𝐾𝑖−1/2

𝛽4
] for 𝑋 and 𝑌, 

respectively. The immediate off diagonal components are ∓𝑟
𝐾𝑖−1/2

𝛽3
 For ℎ𝑖−1 and ∓𝑟

𝐾𝑖+1/2

𝛽4
 for 𝑋 

and 𝑌. 
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Appendix 3.2 – Python Implementation 

Python Implementation of Bethke and Corbet (1988) Sediment Compaction Algorithm 

Using the algebraic approximation of the governing equation, which is eq. 13 from Bethke 
and Corbet (1988): 

1

2
[𝑆𝑛 + 𝑆𝑛+1] (

ℎ𝑖
𝑛+1 − ℎ𝑖

𝑛

𝛥𝑡
− 𝜔

𝜌′

𝜌
) = 

1

2𝛥𝑧2
[𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛+1
+ 

1

2𝛥𝑧2
[𝐾𝑖+1/2(ℎ𝑖+1 − ℎ𝑖) + 𝐾𝑖−1/2(ℎ𝑖−1 − ℎ𝑖)]

𝑛
 

This model also employs values and equations from Mann and Mackenzie, 1990 

# Import libraries here 
import numpy as np 
import math 
import matplotlib.pyplot as plt 
 
# Global constants here 
GRAVITY = 9.81 #m/s^2 
FLUID_DENSITY = 1000 #kg/m^3 

The first step is to define an element objects for experimenting and for building 
stratigraphy. For experimenting we make a toy model where we can vary the values used 
for the element properties, sometimes beyond what is geologically reasonable, for the sake 
of experimenting and testing the model function. For building stratigraphy we make coarse 
sand, fine sand, silt, and shale elements. Model validation is discussed below. Each element 
object has the following properties: 

• Initial porosity  

• A porosity function based on effective stress 

• Sediment density  

• Fluid density 

• Initial hydraulic conductivity  

• A hydraulic conductivity function based on porosity 

 

 



171 
 

 class toy_element: # For experimenting! 
    def __init__(self): 
        self.initial_void_ratio = 1.174 #fine sand appendix Table 1 Mann and 
Mackenzie 1990 
        self.initial_porosity = self.initial_void_ratio / (1 + self.initial_v
oid_ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 2600 #kg/m^3 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        self.compaction_coefficient = 0.25 #fine sand appendix Table 1 Mann a
nd Mackenzie 1990 
        self.permeability_A = 10e-9 #m^2, fine sand appendix Table 1 Mann and 
Mackenzie 1990 
        self.permeability_B = 8 #m^2, fine sand appendix Table 1 Mann and Mac
kenzie 1990 
        self.ATHY_CONSTANT = 10e-5 #cm^-1? 
     
    def porosity(self,effective_stress):  
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/ 
                                             (self.saturated_sediment_density 
- FLUID_DENSITY)/GRAVITY) # Bethke and Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        k = self.permeability_A * p**self.permeability_B #Mann and Mackenzie 
appendix eq. 9 for clastics  
        K = k * FLUID_DENSITY * GRAVITY / 1e-3 #1e-3 kg/m-s is dynamic viscos
ity of water     
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
     
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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class coarse_sand_element: # For coarse sand / Conglomerate 
    def __init__(self): 
        self.initial_void_ratio = 1.174 #coarse sand appendix Table 1 Mann an
d Mackenzie 1990 
        self.initial_porosity = self.initial_void_ratio / (1 + self.initial_v
oid_ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 2600 #kg/m^3 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        self.compaction_coefficient = 0.25 #coarse sand appendix Table 1 Mann 
and Mackenzie 1990 
        self.permeability_A = 10e-8 #m^2, coarse sand appendix Table 1 Mann a
nd Mackenzie 1990 
        self.permeability_B = 5.1 #m^2, coarse sand appendix Table 1 Mann and 
Mackenzie 1990 
        self.ATHY_CONSTANT = 10e-6 #cm^-1? #from Bethke Fig 2 
     
    def porosity(self,effective_stress): 
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/ 
                                             (self.saturated_sediment_density 
- FLUID_DENSITY)/GRAVITY) # Bethke and Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        k = self.permeability_A * p**self.permeability_B #Mann and Mackenzie 
appendix eq. 9 for clastics  
        K = k * FLUID_DENSITY * GRAVITY / 1e-3 #1e-3 kg/m-s is dynamic viscos
ity of water  
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
     
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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class fine_sand_element: # For fine-med sands 
    def __init__(self): 
        self.initial_void_ratio = 1.174 #fine sand appendix Table 1 Mann and 
Mackenzie 1990 
        self.initial_porosity = self.initial_void_ratio / (1 + self.initial_v
oid_ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 2600 #kg/m^3 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        self.compaction_coefficient = 0.25 #fine sand appendix Table 1 Mann a
nd Mackenzie 1990 
        self.permeability_A = 10e-9 #m^2, fine sand appendix Table 1 Mann and 
Mackenzie 1990 
        self.permeability_B = 8 #m^2, fine sand appendix Table 1 Mann and Mac
kenzie 1990 
        self.ATHY_CONSTANT = 2*(10e-6) #cm^-1? #from Bethke Fig 2 
     
    def porosity(self,effective_stress): 
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/ 
                                             (self.saturated_sediment_density 
- FLUID_DENSITY)/GRAVITY) # Bethke and Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        k = self.permeability_A * p**self.permeability_B #Mann and Mackenzie 
appendix eq. 9 for clastics  
        K = k * FLUID_DENSITY * GRAVITY / 1e-3 #1e-3 kg/m-s is dynamic viscos
ity of water  
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
     
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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class silt_element: # For silt 
    def __init__(self): 
        self.initial_void_ratio = 1.695 #silt appendix Table 1 Mann and Macke
nzie 1990 
        self.initial_porosity = self.initial_void_ratio / (1 + self.initial_v
oid_ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 2600 #kg/m^3 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        self.compaction_coefficient = 0.4 #silt appendix Table 1 Mann and Mac
kenzie 1990 
        self.permeability_A = 4*10e-13 #m^2, silt appendix Table 1 Mann and M
ackenzie 1990 
        self.permeability_B = 8 #m^2, silt appendix Table 1 Mann and Mackenzi
e 1990 
        self.ATHY_CONSTANT = 5*(10e-6) #cm^-1? #from Bethke Fig 2 
     
    def porosity(self,effective_stress): 
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/ 
                                             (self.saturated_sediment_density 
- FLUID_DENSITY)/GRAVITY) # Bethke and Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        k = self.permeability_A * p**self.permeability_B #Mann and Mackenzie 
appendix eq. 9 for clastics  
        K = k * FLUID_DENSITY * GRAVITY / 1e-3 #1e-3 kg/m-s is dynamic viscos
ity of water  
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
     
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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class shale_element: # For shale 
    def __init__(self): 
        self.initial_void_ratio = 1.695 #shale appendix Table 1 Mann and Mack
enzie 1990 
        self.initial_porosity = self.initial_void_ratio / (1 + self.initial_v
oid_ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 2600 #kg/m^3 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        self.compaction_coefficient = 0.43 #shale appendix Table 1 Mann and M
ackenzie 1990 
        self.permeability_A = 4*10e-16 #m^2, shale appendix Table 1 Mann and 
Mackenzie 1990 
        self.permeability_B = 8 #m^2, shale appendix Table 1 Mann and Mackenz
ie 1990 
        self.ATHY_CONSTANT = 10e-5 #cm^-1? 
     
    def porosity(self,effective_stress): 
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/                        (self.saturated_sediment_density - FLUID_DENSITY
)/GRAVITY) # Bethke and Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        k = self.permeability_A * p**self.permeability_B #Mann and Mackenzie 
appendix eq. 9 for clastics  
        K = k * FLUID_DENSITY * GRAVITY / 1e-3 #1e-3 kg/m-s is dynamic viscos
ity of water  
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
     
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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Build Model  

Once the elements objects are defined, we build the model.  

def tridiag(a,b,c):  
    # builds a triadiagonal matrix from three sets of coefficients 
    # first row of a and last row of c are omitted. 
    return np.diag(a[1:], -1) + np.diag(b, 0) + np.diag(c[:-1], 1) 
 
def TDMAsolver(a, b, c, d): 
    # TDMA solver, a b c d can be NumPy array type or Python list type. 
    # refer to http://en.wikipedia.org/wiki/Tridiagonal_matrix_algorithm 
     
    nf = len(a)     # number of equations 
    ac, bc, cc, dc = map(np.array, (a, b, c, d))     # copy the array 
     
    for it in range(1, nf): 
        mc = ac[it]/bc[it-1] 
        bc[it] = bc[it] - mc*cc[it-1]  
        dc[it] = dc[it] - mc*dc[it-1] 
 
    xc = ac 
    xc[-1] = dc[-1]/bc[-1] 
 
    for il in range(nf-2, -1, -1): 
        xc[il] = (dc[il]-cc[il]*xc[il+1])/bc[il] 
 
    del bc, cc, dc  # delete variables from memory 
 
    return xc 

class compaction_model: 
    def __init__(self,element_type,deltaz): 
        self.h = np.array([0,0,0]) # initial excess head = 0 
        self.elements = [element_type(),element_type(),element_type()] # init
ial list of elements 
        self.deltaz = deltaz # size of each complete element 
        self.z = np.array([(3 - i) * deltaz + deltaz/2 for i in range(3)]) # 
depth of each element center 
        rhoprime = self.elements[0].rhoprime() # solid density - fluid densit
y 
        self.prior_effective_stress = rhoprime * GRAVITY * self.z 
     
    def effective_stress(self,excess_head = None): 
        if excess_head is None: 
            excess_head = self.h 
        dstress = np.array([element.saturated_sediment_density  
                            * GRAVITY * self.deltaz  
                            for element in self.elements]) 
        stress = np.flip(np.flip(dstress).cumsum()) - dstress / 2 
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        effective_stress = stress - (excess_head+self.z) * GRAVITY * FLUID_DE
NSITY 
        return(effective_stress) 
     
    def storativity(self,effective_stress): 
        S = np.array([self.elements[i].storativity(effective_stress[i])  
                        for i in range(0,len(self.h))]) 
        return(S) 
     
    def hydraulic_conductivity(self,effective_stress): 
        K = np.array([self.elements[i].hydraulic_conductivity(effective_stres
s[i])  
                        for i in range(0,len(self.h))]) 
        return(K) 
     
    def porosity(self,effective_stress): 
        phi = np.array([self.elements[i].porosity(effective_stress[i])  
                        for i in range(0,len(self.h))]) 
        return(phi) 
         
    def compacted_depth(self): 
        p_initial = np.array([self.elements[i].initial_porosity  
                        for i in range(0,len(self.h))]) 
        p = self.porosity(self.effective_stress()) 
        compacted_thickness = self.deltaz * (1 - p_initial + p) 
        compacted_z = np.flip(np.flip(compacted_thickness).cumsum()) - compac
ted_thickness / 2 
        return(compacted_z) 
     
    def Lambda(self): 
        dstress = np.array([element.saturated_sediment_density  
                            * GRAVITY * self.deltaz  
                            for element in self.elements]) 
        stress = np.flip(np.flip(dstress).cumsum()) - dstress / 2 
        effective_stress = stress - (self.h + self.z) * GRAVITY * FLUID_DENSI
TY  
        L = 1 - effective_stress / stress 
        return(L)   
 
         
    def run(self,new_element_type,omega,steps_per_element): 
        # This function adds one element to the model and 
        # iterates through the growth of this element to deltaz. 
        # Longer model runs iterate on this function. 
         
        # define model time step 
        deltat = self.deltaz/omega/steps_per_element 
         
        # define fractional element height added per time step 
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        fracz = self.deltaz/steps_per_element 
         
        # Generate new element at top of section 
        new_element = new_element_type() 
        self.elements = np.append(self.elements,new_element) 
        self.h = np.append(self.h,0) 
        nelements = len(self.h) 
         
        # Calculate increment of loading from sedimentation 
        d = omega * deltat * new_element.rhoprime() / FLUID_DENSITY 
         
        # Update prior effective stress with new element 
        initial_effective_stress = (fracz * GRAVITY * 
                                new_element.rhoprime())/2 
        self.prior_effective_stress = np.append(self.prior_effective_stress,i
nitial_effective_stress)  
         
        for step in range(steps_per_element): 
            # Calculate z positions for each element 
            self.z = np.array([(nelements - i - 1) * self.deltaz - self.delta
z/2 + (step + 1) * fracz 
                               for i in range(nelements)]) 
            self.z[nelements - 1] = (step + 1) * fracz / 2 # correct last (to
p) element 
             
            # Calculate geometric correction factors for topmost elements 
            zeta_1 = (step + 1) * fracz/self.deltaz 
            zeta_2 = zeta_1 + 1 
            beta_1 = zeta_2/8 * (zeta_1 + zeta_2) 
            beta_2 = zeta_1/8 * (zeta_1 + zeta_2) 
            beta_3 = 3/4 * zeta_2 - 1/2 * zeta_1 
            beta_4 = zeta_2/8 * (3*zeta_2 - 2*zeta_1) 
             
            #indices for last and second to last row 
            i0 = nelements - 1 
            i1 = nelements - 2 
             
            # Calculate effective stress and estimate new effective stress 
            effective_stress = self.effective_stress() 
            new_effective_stress = 2 * effective_stress - self.prior_effectiv
e_stress 
             
            # Get hydraulic conductivity between elements 
            K = self.hydraulic_conductivity(effective_stress) 
            Ksums = (K[:-1] + K[1:])/ 2 # mean hydraulic conductivity between 
elements 
            Kplus = np.append(Ksums, K[0]) # top hydraulic conductivity from 
first element. 
            Kminus = np.insert(Ksums,0,0) # impermeable base of model 
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            for iteration in range(2): 
                # First iteration uses estimated effective stress, above 
                # Second iteration uses newly determined effective stress fro
m first iteration 
     
                # Estimate S n and S n+1 from rate of change of effective str
ess 
                S_n = self.storativity(effective_stress) 
                S_nplus1 = self.storativity(new_effective_stress) 
             
                # Calculate coefficients 
                r = deltat/(S_n + S_nplus1)/self.deltaz/self.deltaz 
                 
                # X n+1 matrix 
                xa = -r * Kminus 
                xb = 1 + r * (Kminus + Kplus) 
                xc = -r * Kplus 
                # fix last row 
                xa[i0] = -r[i0] * Kminus[i0] / beta_1 
                xb[i0] = 1 + r[i0] * (Kplus[i0]/beta_1 + Kminus[i0]/beta_2) 
                xc[i0] = -r[i0] * Kplus[i0] / beta_1 
                # fix second to last row 
                xa[i1] = -r[i1] * Kminus[i1] / beta_3 
                xb[i1] = 1 + r[i1] * (Kplus[i1]/beta_3 + Kminus[i1]/beta_4) 
                xc[i1] = -r[i1] * Kplus[i1] / beta_4 
                 
                # Y n matrix 
                ya = r * Kminus 
                yb = 1 - r * (Kminus + Kplus) 
                yc = r * Kplus 
                # fix last row 
                ya[i0] = r[i0] * Kminus[i0] / beta_1 
                yb[i0] = 1 - r[i0] * (Kplus[i0]/beta_1 + Kminus[i0]/beta_2) 
                yc[i0] = r[i0] * Kplus[i0] / beta_1 
                # fix second to last row 
                ya[i1] = r[i1] * Kminus[i1] / beta_3 
                yb[i1] = 1 - r[i1] * (Kplus[i1]/beta_3 + Kminus[i1]/beta_4) 
                yc[i1] = r[i1] * Kplus[i1] / beta_4 
                 
                # Build vector Y h + d 
                Y = tridiag(ya,yb,yc) 
                Yh_d = np.matmul(Y,self.h) + d 
                 
                # Solve linear system X^-1 [Yh + d] 
                h_nplus1 = TDMAsolver(xa,xb,xc,Yh_d) 
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                # Find new effective stress based on h_nplus1 
                new_effective_stress = self.effective_stress(h_nplus1) 
         
                #End inner two-iteration loop 
 
            # move excess head into current time step 
            self.h = h_nplus1 
 
            # store effective stress for next step 
            self.prior_effective_stress = effective_stress 
             
            # end fractional deposition loop 
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def plot_h(self): 
        fig, ax = plt.subplots() 
        ax.plot(self.h,self.z) 
        ax.invert_yaxis() 
        ax.set_xlabel('Excess Hydraulic Head (m)') 
        ax.set_ylabel('Depth (m)') 
        plt.savefig("ploth.svg") 
        plt.show() 
         
         
    def plot_K(self): 
        fig, ax = plt.subplots() 
        ax.plot(self.hydraulic_conductivity(self.effective_stress()),self.z) 
        ax.invert_yaxis() 
        ax.set_xscale('log') 
        ax.set_xlabel('Hydraulic Conductivity') 
        ax.set_ylabel('Depth (m)') 
        plt.savefig("plotK.svg") 
        plt.show() 
         
         
    def plot_p(self): 
        fig, ax = plt.subplots() 
        ax.plot(self.porosity(self.effective_stress()),self.z) 
        ax.invert_yaxis() 
        ax.set_xlabel('Porosity') 
        ax.set_ylabel('Depth (m)') 
        plt.savefig("plotp.svg") 
        plt.show() 
         
     
    def plot_effective_stress(self): 
        fig, ax = plt.subplots() 
        ax.plot(self.effective_stress(),self.z) 
        ax.invert_yaxis() 
        ax.set_xlabel('Effective Stress') 
        ax.set_ylabel('Depth (m)') 
        plt.savefig("plotefs.svg") 
        plt.show() 
        
    def plot_L(self): 
        fig, ax = plt.subplots() 
        ax.plot(self.Lambda(),self.z) 
        ax.invert_yaxis() 
        ax.set_xlabel('Pore Pressure Ratio') 
        ax.set_ylabel('Depth (m)') 
        plt.savefig("plotL.svg") 
        plt.show() 
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Begin Using Model  

The first step is to define the model (here the variable q). Model begins with three elements 
of the type passed to the compaction_model class. The second parameter is the 
(uncompacted) thickness of each element in meters.  

#variable = compaction_model(element_type, element_thickness_meters) 
q = compaction_model(coarse_sand_element,20) 

Run model while changing the element type, sedimentation rate, and number of elements in 

each step. 

Begin with some coarse sand and slow deposition. 

Here, we run the model for 5 loops with sedimentation rate of 0.5 mm/yr, or 0.0005m/yr. 
Each loop uses the run method to add a sediment element. 
The run method takes the element type (a class), sedimentation rate in m/yr, and the 
number of steps per added element. The value after range (e.g. range(10)) is the number of 
elements added.  

The option to plot h with each step is provided as a comment. 

for i in range(25): q.run(coarse_sand_element,0.0005,10) 
#q.plot_h() 

And more sediment a little faster, this time fine sand. 

for i in range(10): q.run(fine_sand_element,0.001,10) 
#q.plot_h() 

And a lot of sediment faster, this time fine sand. 

for i in range(200): q.run(fine_sand_element,0.006,10) 
#q.plot_h() 

Slow things down and add shale 

for i in range(10): q.run(shale_element,0.0002,10) 
#q.plot_h() 
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Optional: Relax or "pause" sedimentation by adding sediment very very slowly to see effect 
on maintenance of excess hydraulic head. If using one of these steps, it is helpful to plot the 
previous step for comparison.  

#for i in range(5): q.run(fine_sand_element,0.001,10) 
#q.plot_h() 

#for i in range(5): q.run(fine_sand_element,0.0005,10) 
#q.plot_h() 

#for i in range(5): q.run(fine_sand_element,0.0001,10) 
#q.plot_h() 

#for i in range(25): q.run(fine_sand_element,0.00001,10) 
#q.plot_h() 

#for i in range(50): q.run(fine_sand_element,0.000001,10) 
#q.plot_h() 

And now we plot all the things! 

#This will also save plots based on file names specified above 
q.plot_h() 
q.plot_K() 
q.plot_p() 
q.plot_effective_stress() 
q.plot_L() 
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Model Validation 

Before using the model, we validate that it is working correctly by reproducing Figure 5 
from Bethke and Corbet, 1988 where they plot excess hydraulic head and porosity with 
depth for various sedimentation rates.  

First we make an element object that matches the values used in Bethke and Corbet (1988) 
to produce their figure 5. The properties in the validation element vary from ours, which is 
discussed more below.  

class validation_element: # to validate approach by comparing to Bethke and C
orbet, 1988 Fig. 5 
    def __init__(self): 
        #self.initial_void_ratio = 1.174  
        self.initial_porosity = 0.5 #assumed by Bethke and Corbet 1988  
        #used in our model: self.initial_void_ratio / (1 + self.initial_void_
ratio) #Mann and Mackenzie eq. 10 
        self.sediment_density = 3600 #kg/m^3 #value used to produce saturated 
sed density of 2300 via (1000*0.5)+(3600*(1-0.5)) 
        self.saturated_sediment_density = (FLUID_DENSITY * self.initial_poros
ity) + (self.sediment_density * (1-self.initial_porosity)) 
        #self.compaction_coefficient = 0.25 #fine sand appendix Table 1 Mann 
and Mackenzie 1990 
        #self.permeability_A = 10e-9 #fine sand appendix Table 1 Mann and Mac
kenzie 1990 
        #self.permeability_B = 8 #fine sand appendix Table 1 Mann and Mackenz
ie 1990 
        self.ATHY_CONSTANT = 0.0003 #m^-1, Bethke and Corbet use 0.000003 cm^
-1. Our previous value was 10e-5, which seems like it's also in cm 
     
     
    def porosity(self,effective_stress): 
        p = self.initial_porosity * math.exp(-self.ATHY_CONSTANT*effective_st
ress/(self.saturated_sediment_density - FLUID_DENSITY)/GRAVITY) # Bethke and 
Corbet, 1988 eq. 8 
        return(p) 
     
    def hydraulic_conductivity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        K  = math.exp(14.3 * p - 26.30)/100*3.15e7 #Bethke and Corbet, 1988 e
q. 14 
        return(K) 
     
    def rhoprime(self): 
        return(self.saturated_sediment_density - FLUID_DENSITY) 
    def storativity(self,effective_stress): 
        p = self.porosity(effective_stress) 
        S = FLUID_DENSITY/self.rhoprime() * self.ATHY_CONSTANT * p / (1 - p) 
        return(S) 
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Properties used in our elements that are not used to reproduce the Bethke and Corbet 1988 
figure 5: 

• initial void ratio 

• compaction coefficient  

• permeability A 

• permeability B 

We used these properties so that more element properties are calculated rather than 
assumed. 

Properties that are different between our elements and the element used to reproduce the 
Bethke and Corbet 1988 Figure 5: 

• porosity - we calculate a value for porosity based on the initial void ratio, they 
assume a value 

• sediment density and saturated sediment density - they report a density that we 
infer is the saturated sediment density based on the text. We use a unsaturated 
sediment density and then calculate the saturated sediment density based on that 
sediment density, the fluid density, and the porosity. Using their values of fluid 
density and porosity, we determine that a unsaturated sediment density of 3600 
kg/m^3 must be used to produce the saturated sediment density of 2300 that they 
report. This value is much higher than expected for the rock types represented and 
likely illuminates an error in the original paper where anunsaturated value was 
included as a saturated sediment density. 

• Athy's constant - we used 10e-5, they use 3e-6 cm^-1, which must be converted to m 
to reproduce their plots. In the validation element this is 3e-4 m^-1 

• hydraulic conductivity. We calculate 𝐾 from permeability values, fluid density, and 
dynamic viscosity. They use an equation (their eq. 14) that is representative of 
marine sediment from the Gulf Coast (clay, silt, sandy clay) 

 

Running the model with the validation element: 

The model is defined four times as different variables (A,B,C, and D) for each sedimentation 
rate used.  

 
Model Variable  Sedimentation Rate (m/yr) 
  A    0.00005 
  B    0.0005 
  C    0.005 
  D    0.05 
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As before, the model begins with elements of the type passed to the compaction_model 
class. The second parameter is the (uncompacted) thickness of each element in meters. 
Each loop uses the run method to add a sediment element. The run method takes the 
element type (a class), sedimentation rate in m/yr, and the number of steps per added 
element. 

A = compaction_model(validation_element,20) #this sets element thickness  
for i in range(500): A.run(validation_element,0.00005,10) 

B = compaction_model(validation_element,20) #this sets element thickness  
for i in range(500): B.run(validation_element,0.0005,10) 

C = compaction_model(validation_element,20) #this sets element thickness  
for i in range(500): C.run(validation_element,0.005,10) 

D = compaction_model(validation_element,20) #this sets element thickness  
for i in range(500): D.run(validation_element,0.05,10) 

We then plot the results from each model and sedimentation rate together: 

#Plot excess hydraulic head with depth for each model 
fig, ax = plt.subplots() 
ax.plot(A.h,A.z) 
ax.plot(B.h,B.z) 
ax.plot(C.h,C.z) 
ax.plot(D.h,D.z) 
ax.invert_yaxis() 
ax.set_xlabel('Excess Head (m)') 
ax.set_ylabel('Depth (m)') 
plt.savefig("ploth_VABCD.svg") 

#Plot porosity with depth for each model 
fig, ax = plt.subplots() 
ax.plot(A.porosity(A.effective_stress()),A.z) 
ax.plot(B.porosity(B.effective_stress()),B.z) 
ax.plot(C.porosity(C.effective_stress()),C.z) 
ax.plot(D.porosity(D.effective_stress()),D.z) 
ax.invert_yaxis() 
ax.set_xlabel('Porosity') 
ax.set_ylabel('Depth (m)') 
plt.savefig("plotp_VABCD.svg") 

This python implementation reproduces the results from Bethke and Corbet, 1988 as 
shown by the figure on the following page.  
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Figure A3.2. Upper plot is model results from Bethke and Corbet, 1988. Lower plot is model 
results using the inputs from Bethke and Corbet 1988 in the python implementation 
developed in this study.  




