
Extensional Tectonics, a Slab Window and the arrival of the 

Gulf of California about 17Ma, while the Coyote Mountains of 

southern California, USA undergo 90° clockwise rotation in 

Sonora, Mexico  

George Morgan (georgemorgan@cox.net) and JR Morgan 

Prior to 5.5(?) Ma, Winker and Kidwell (1996) place the Coyote 

Mountains (CMs) of southern California, in Sonora, Mexico.  In Sonora, 

the CMs were deformed by Basin and Range Extension and related 

regional subsidence that started about 25 Ma (Nourse et al., 1994).  

The Basin and Range Extension was the first of three episodes of 

extensional tectonics recorded in the CMs (Morgan and Morgan, 

2017a).  This first episode of extension left the CMs with the normal 

Ocotillo Canyon Fault and a related graben containing non-marine syn-

extensional sediments (lower part of the Split Mountain Group).  

Sometime after the first and before the start of the second episode of 

extensional tectonics, the CMs start to rotate clockwise about 90°.  We 

interpret the rotation as the product of right-lateral faulting (possible 

transtensional).   During the rotation, 17.1 Ma (Morgan et al., 2012) 

volcanics of Ruisaard’s (1979) Alverson Canyon Formation (upper part 

of Winker and Kidwell’s (1996) Split Mountain Group) were deposited 

in the CMs as a result of the formation of Dickinson’s Slab Window 

(Dickinson, 1997).   The formation of the Slab Window also coincides 

with the start of the second episode of extensional tectonics and 

continued regional subsidence.  The second episode of extension and 

continuing subsidence facilitates the arrival of the Gulf of California 

during the deposition of the volcanics of the Alverson Canyon 

Formation in the CMs (Woodring, 1931; Morgan and Morgan 2015).  
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The marine-nonmarine, second episode, syn-extensional sediments of 

the Viejo Formation (Morgan and Morgan, 2015) of the Imperial Group, 

represents the Gulf’s arrival in the CMs, while the CMs are still in 

Sonora. The Viejo Formation is represented by several transgressional-

regressional sequences, all of which were deposited near sea- level.   

 A combination of the following: 1) a weak, thin, warn crust; 2) right-

lateral faulting (possible transtensional); 3) continuing extensional 

tectonics and subsidence, is inferred from the CMs.  From these 

inferences it is reasonable to expect pull-a-part basins to be a part of 

the young Gulf.  
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Slide 1.   Looking east from the Alverson/Fossil Canyon drainage up a 

side canyon.  White unit is the White Fanglomerate (Morgan and 

Morgan, 2017a) of the Winker and Kidwell’s (1996) Split Mountain 

Group (SMG).  Red Unit is the Red Fanglomerate (Morgan and Morgan, 

2017a) of the SMG that interfingers with the volcanics of the Alverson 

Canyon Formation (Ruisaard, 1979) (black unit) of the SMG.  All three 

units of the SMG form an unconformity with the Jurassic White Cross 

Gneiss (Morgan and Morgan, 2015) (brown unit) to the left in the 

photo.  The small, light tan butte in the foreground contains a contact 

between marine and non-marine units of the Viejo Formation (Morgan 

and Morgan, 2016) of the Imperial Group.  This contact is repeated 



along the ridge line, at the end of the word California, in the slide 

(Morgan and Morgan, 2017a). 

      

 

Slide 2 .   Location Map of the Salton Trough, the CMs in southern 

California, southwestern Arizona and parts of the States of Baja 

California and Sonora, Mexico.  ABF - Agua Blanca Fault, ChM – 

Chocolate, Mountains, CMM – Cargo Muchacho Mountains,  DV – 

Davies Valley, EF - Elsinore Fault, FC - Fish Creek Mountains, GM – Gila 

Mountains  LSF - Laguna Salada Fault, Pin. Ran. Bath. - Peninsular 

Ranges Batholith,  SC – Sierra Cucapa, SM – Sierra El Mayor, SAF - San 

Andreas Fault, SJF - San Jacinto Fault, SS - Salton Sea, VF - Vallicetos-

Split Mountain-Fish Creek Basin. Red star with query is the 



paleogeographic location of the CMs at 5.5 Ma by  Winker and Kidwell 

(1996) in Sonora, Mexico. We agree the paleogeographic location for 

the CMs was somewhere in Sonora, Mexico.  Note the orentation of the 

ranges of the Basin and Range Provance.   NASA photograph.  

 

 

 

  

 

Slide 3.   Google Earth Image of the area around the fish-hook shaped 

CMs.  CW-Carrizo Wash flowing east into the Salton Sea.  EF- Elsinore  



Fault, an active right lateral fault.  FM- Fish Creek Mountains.  PC-

Plaster City.   PGF- Painted Gorge Fault, some believe (Bykerk-Kauffman 

et al., 2016), is an active right lateral fault.  Morgan and Morgan 

(2017b) believe PGF is a dip-slip fault, predominantly down to the north 

fault.   PGWF- Painted Gorge Wash Fault is an active left-lateral fault 

(Morgan, and Morgan, 2006).  VF - Vallicetos-Split Mountain-Fish Creek 

Basin.  The town of Ocotillo is just off the slide, to the southeast of the 

center-edge of the map. 

 

 

 

 



 

Slide 4.  This is a portion of Morton’s (1977) Geological map of Imperial 

County.  Morton’s map is a good summary of the geology found in and 

around the CMs.  Morton used portions of Dibblee’s (1954) and 

Christensen’s (1957) maps for the geology around the CMs.  Brown and 

green indicate the crystalline basement of the CMs.  A simplified 

interpretation of the basement rocks consist of billow basalts and 

Paleozoic (?) (Dibblee, 1954; Miller and Dockum, 1983) limestones, 

sandstones, mudstones, cherts and conglomerates.  Intruding, 

deforming and metamorphosing the section are igneous Jurassic rocks 

(Morgan and Morgan 2015).  We have yet to find Cretaceous rocks in 

the CMs.  The orange represents volcanics of the Alverson Canyon 

Formation (Ruisaard, 1979).  The base of the Alverson is dated by 



Morgan et al. (2012) at 17.1 Ma using zircons.  White represents the 

marine and fresh water units of the Imperial Group (Winker and 

Kidman, 1996), which interfingers with the volcanics of the Alverson 

Canyon Formation (Woodring, 1932; Morgan and Morgan, 2016).   AC- 

Alverson Canyon (Fossil Canyon).  PG-Painted Gorge. 

 

 

 

Slide 5.  Map of the fish hook area of the CMs and some of the faults in 

the CMs (from Morgan and Morgan 2017a).   AC - Alverson/Fossil 

Canyon.   CaM – Carrizo Mountain.  OC - Ocotillo Canyon.  OCF – 

Ocotillo Canyon Fault.   NPF – Nickel Prospect Fault.   PG - Painted 

Gorge.  SM – Switchback Mountain.  The active right-lateral Elsinore 



Fault forms the southwestern side of the CMs and the active left-lateral 

Painted Gorge Wash Fault forms a boundary on the east-southeastern 

side of the CMs.  Pink lines are first extensional episode normal fault.  

The pink colored normal faults are associated with the Basin and Range 

extension in Sonora, Mexico.  Note the pink Normal faults are 90° 

clockwise from the northwest trending ranges of the Basin and Range 

Province in Sonora, Mexico (Slide 2).  Brown lines are second 

extensional episode normal faults.  Blue lines are third extensional 

episode normal faults.  Red lines are 1 Ma strike-slip faults (Steely et al., 

2009).  Green lines are other faults.  The normal faults of the three 

episodes outline the half grabens, grabens and horsts associated with 

the three extensions.  The white line is the Painted Gorge Road.  Red 

faults that are close and parallel to older normal faults indicate 

reactivation of that older normal fault as 1 Ma right-lateral faults.  The 

horst for the first extensional episode is the topographic high, 

metamorphic block of Stonehouse Ridge.  The normal faults of the 

second and third episodes are found on the east and west sides of the 

topographic high, metamorphic, fish-hock shaped, core of the CMs.  We 

refer to this area as the Central Horst. Christensen (1957) named the 

Painted Gorge Fault and mapped it as a normal fault.  Bykerk-Kauffman 

and others believe the Painted Gorge Fault to be an active right-lateral 

fault (Bykerk-Kauffman, et al., 2016).  A recent fault scarp on the Pained 

Gorge Fault the shows very little strike-slip movement and more dip-

slip movement with the east side up (Morgan and Morgan, 2017b).  

Older offsets along the Painted Gorge Fault appear to be dip-slip with 

the east side up.  We believe the Painted Gorge Fault is a normal fault 

that is a part of the third extensional episode found in the CMs (Morgan 

and Morgan, 2017a).  We also are having trouble mapping the Painted 



Gorge Fault continuously to and crossing the Painted Gorge drainage 

(Morgan and Morgan, 2017b), as did Morton (1977) in Slide 4. 

 

 

Slide 6.  The three extensional episodes found in the CMs are shown in 

relation to the group and formational units, their relationship to each 

other and to events that took place in the CMs.  The “?” mark between 

the second and third episodes is questing the timing of the end of the 

second and the start of the third episode. The “?” marks between the 

Cenozoic time units are questing the age boundaries in the sedimentary 

units.  B. & R. – Basin and Range.  F - Formation. Fang - Fanglomerate.  



R.-G. - Red-Green Fanglomerate.  17.1 Ma - U/Pb zircon age date by 

Morgan, et al., 2012. 

 

Slide 7.   About 25 Ma Basin and Range extension started in Sonora, 

Mexico (Nourse et al., 1994; McDowell, et al., 1997).  During this 

extension the Red-Green Fanglomerate and the White Fanglomerate of 

the SMG were syn-extensionally deposited in the CMs.  It should be 

noted that the clockwise rotation started about the time the first 

episode of extensional tectonics ended in the CMs.  The Red 

Fanglomerate and the volcanics of the Alverson Canyon Formation of 

the SMG are syn-extensionally related to the second episode of 

extensional found in the CMs. The Red Fanglomerate interfingers with 



the Alverson Canyon Formation (Ruisaard, 1979) with the Viejo 

Formation also interfingering with the Alverson (Woodring, 1931; 

Morgan and Morgan 2016).  This second episode appears to be related 

to continuing Basin and Range extension and the arrival of the Gulf of 

California (Viejo Formation).  The continuing rotation of the CMs is 

recorded with two paleomagnetic (Mace, 1981) locations that are in 

the volcanics of the Alverson. One location shows 34° and the other 70° 

of clockwise rotation.  These two locations are in volcanics that are 

deposited on stable(?) Stonehouse Ridge Horst.  Mace has other 

paleomagnetic locations with unreliable data.  The unreliable data is 

found in the more tectonically active (unstable) grabens.  Rotation ends 

sometime after the start of the second episode of extension. 

 

 

 

 

 

 



 

Slide 8.    Red square shows the location of Mace’s two paleomagnetic 

locations on Stonehouse Ridge Horst.   Note location of the pink lines 

that delineate the faults associated with the first episode of extensional 

tectonics in the CMs. 



 

 Slide 9.  Map of Ocotillo Canyon (from Morgan and Morgan 2017a), 

Alverson Canyon (Fossil Canyon) area.  Pink lines are the Ocotillo 

Canyon Fault (OCF), a normal fault of the first episode extensional 

tectonics (Basin and Range extension that took place in Sonora).  The 

Ocotillo Canyon Fault strike east-northeast and is cut in to three parts 

by two zones of accommodation (1st Z) striking north-northwest. The 

three branches of the Ocotillo Canyon Fault may have been at one time 

continues.  The T represents areas where thrust faults are mapped.  

The U designates the up side of a fault.  The extension of the first 

episode was to the south-southeast.  The southern two parts of the 

Ocotillo Canyon Fault and half grabens of the first episode are buried by 

the Red Fanglomerate and volcanics of the Alverson Canyon Formation.  



The two parts of the Ocotillo Canyon Fault and half grabens are inferred 

to be there by the presence of the Red-Green and White Fanglomerates 

on the southern sides of the buttress unconformities formed on the 

Stonehouse Ridge Horst.  This is the same geological relationship that is 

present on the northern side of Ocotillo Canyon where the normal 

Ocotillo Canyon Fault cuts the Red-Green and White Fanglomerates.  

The brown lines are traces of the Nickel Prospect Fault (NPF), a curved, 

normal fault that is a part of the western, second extensional episode in 

the CMs. Extension of the western second episode was to the 

southwest.  The east-northeast green fault is a western, second episode 

zone of accommodation between the two traces of the Nickel Prospect 

Fault and the two half grabens of the second episode.  North of the 

second zone of accommodation, the Nickel Prospect Fault cuts and 

offset the first episode’s half graben and a western part of the 

Stonehouse Ridge Horst.  After extensional tectonics ended in the CMs 

and strike-slip faulting started (Steely et al., 2009), the Nickel Prospect 

Fault  was reactivated as a 1 Ma right-lateral fault and  further 

separated the northern, Ocotillo Canyon Fault and its half graben from 

the southern part of Ocotillo Canyon Fault and its half grabens by an 

estimated 400m right laterally.  South of the second zone of 

accommodation, the southern part Nickel Prospect Fault that is parallel 

to a first zone of accommodation, offsets marker beds in the post-

extensional sediments (Viejo Formation) of the first episode vertically 

from the same units on Stonehouse Ridge Horst by an estimated 220m 

(between the two asterisks of this slide and slide 1).  The right-lateral 

fault (red line) labeled 1Ma NPF EX., south of the second zone of 

accommodation, is a right-lateral extension of the northern Nickel 

Prospect Fault.  This extension of the 1 Ma right-lateral fault cuts the 



sediments in the second southern half graben.  The east-west to south-

southeast younger green fault just east of the Elsinore Fault truncated 

and removed a southern part of the first episode half graben.  The 

Elsinore Fault also cuts the half grabens and truncated many of the 

faults of the first and second episodes of extension. 

 

 

Slide 10.  Simplified and modified map from Winker and Kidwell (1996) 

showing possible locations of the Coyote Mountains (CMs), and 

orientation of the ranges of the Basin and Range Province.   1 and 2 

numbered red stars are possible locations for the CMs in Sonora.  Note 



orientation of the CMs in California: 90° clockwise rotation from the 

orientation of the ranges of the Basin and Range Province in Sonora. 

 

 

Slide 11.  Simplified map of the present day northern Gulf of 

Californian, Salton Trough, California, Baja California, Arizona and 

Sonora.  Data in part from Helenes, et al., 2009, Martín-Barajas, et al., 

2013; and Aragón-Arreola, and Martín-Barajas, 2007.  Brown areas 

are older basins associated with the Old Plate Boundary.  Blue and gray 

areas are basins associated with the New Plate Boundary.  Red star with 

question mark is a possible location of the CMs in Sonora. 

 



 

Slide 10.  Map of Northern Gulf of California about 17.5 Ma.  
Modified from Dickinson, 1997.  Red stare with question mark and 
labeled 1 is a possible location for the CMs.  Basin and Range 
extension moves the CMs to the west-southwest over what will 
become or has already become the Old Plate Boundary.  When the 
CMs cross(?) the boundary, right-lateral faulting (with possible 
transitional component) starts to rotate the CMs clockwise.  Right-
lateral transtensional faulting has already started on the offshore 
transform fault.  The rotation continues through the deposition of 
the Volcanics of the Alverson Canyon Formation and ends(?) 
sometime during the second episode of extension in the CMs.  The 
CMs are left with about 90° of clockwise rotation.  The young Gulf of 
California arrives in the CMs (Sonora) around 17.1Ma (late-early to 
early-middle Miocene) and deposits sediment near sea-level (during 
second episode of extension in the CMs).  At the same time in the 



Upper Tiburon Basin, late-early to early-middle Miocene (~17.1 Ma) 
sediments are deposited in deeper water: a basin that is today 
5,000m deep  (Helenes et al., 2009).  McDowell et al. (1997) 
observed that the extensional tectonics of the Basin and Range in 
Sonora continued and was “coeval with initial evolution” (arrival) of 
the Gulf of California.   
 

 

 

Slide 11.  Map of the present day northern Gulf of California. Red 
bullseyes represent Petróleos Mexicanos (PEMEX) drill holes 
(Helenes et al., 2009).   With extension and subsidence of a warm 
(volcanism) thin crust one would expect to fine pull-apart basins in 
the then young Gulf of California.  Brown areas (Upper Tiburon, 
Consag and Altar Basins) are those old basins associated with 



extension and subsidence of a warm (volcanism) thin crust.  These 

basins are also associated with the development of the then young Gulf 

of California and the Old Plate Boundary.  Helenes et al. (2009) 
suggest that the proto (older) Gulf of California used basins 
produced during the Miocene extension of the Basin and Range in 
Sonora.  
   
The CMs may have stated somewhere in Sonora, but they end up 
north of the international border next to the Elsinore Fault.  There 
are two major geological boundaries that the CMs have to cross: the 
Old Plate Boundary and the New Plate Boundary.  Basin and Range 
extension moved the CMs to the west.  If the extension doesn’t move 
the CMs far enough to the west, west side of the Old Plate Boundary, 
then the CMs would have say in Sonora.  The rotation of the CMs and 
arrival of the Gulf of California are indications that the CMs were 
moved to the west side of the Old Plate Boundary. 
 
McDowell et al. (1997) observation that the extensional tectonics of 
the Basin and Range in Sonora may have continued and been “coeval 
with initial evolution” of the right-lateral transtension tectonics that 
produced the Gulf of California.  The second episode of extension 
tectonics in the CMs coincides with McDowell et al. observations 
(Morgan and Morgan, 2017a).  This second episode of extension has 
to move the CMs west of the New Plate Boundary, before the new 
boundary is established.  If not then the CMs would have stay in 
Sonora. 
 
The exact path out of Sonora is unknown but the CMs make it west 
of both plate boundaries and ended up north of the International 
border, in the Salton Trough and along the Elsinore Fault. 
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