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Date: August 31, 2011 

 

From:  Miles Kenney PhD, PG To: Mr. Scott Slater 

  Kenney GeoScience   Brownstein Hyatt Farber Schreck, LLP 

7206 Plaza de la Costa,    21 East Carrillo Street 

Carlsbad, Ca, 92009   Santa Barbara, CA  93101 

 

 

Subject: Geologic Structural Evaluation of the Fenner Gap region located between the 

southern Marble Mountains and Ship Mountains, San Bernardino County, 

California 

 

Mr. Slater, 

 

Kenney GeoScience (KGS) is pleased to provide you this report providing a geologic structural 

evaluation of the Fenner Gap region located between the southern tip of the Marble Mountains and 

northwestern Ship Mountains, eastern San Bernardino County, California.  The primary motivation for 

this work is to provide reasonable geologic structural constraints for groundwater analysis of the Fenner 

Valley hydrologic basin, which feeds into the Bristol Valley and Cadiz Valley Groundwater Basins 

through the Fenner Gap.  This work was conducted in association with project team members from 

CH2M Hill and Geoscience Support Services, Inc.   

 

The primary results of this study are provided on a Geologic Map (Plate 2, attached), and eight cross 

sections that transect the Fenner Gap region (Plates 3 and 4).  The geologic map and cross sections were 

constructed utilizing data obtained from field mapping bedrock exposures within hills and mountain 

ranges, Google Earth imagery, evaluation of well cores and samples, interpretation of a seismic reflection 

line, geologic structural principles, and well documented structural characteristics associated with 

extensional tectonics and igneous intrusions.   

 

This report contains explanatory figures within the text, appendices providing supportive data 

(publication in progress), and four attached plates (Plate 1 - Regional Geology, Plate 2 - Geologic Map of 

the Study Area, Plate 3 - Cross Sections 1 through 5, and Plate 4 - Cross Sections A through C). 

 

 

 
Dr. Miles D. Kenney PG 
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1.0 PROJECT OBJECTIVES AND PURPOSE 

The objective of this report is to provide a reasonable and detailed stratigraphic and structural geologic 

evaluation of the depth structure in the Fenner Gap, which is described herein as the valley between the 

southern tip of the Marble Mountains and the northern flanks of the Ship Mountains.  CH2M Hill and 

Geoscience Support Services, Inc. will utilized the subsurface structural and stratigraphic data to perform 

a detailed groundwater conductivity analysis within the Fenner Gap.   The center piece of this work are 

the Geologic Map at a scale of 1:1000’ (Plate 1), and eight cross sections transecting the Fenner Gap 

region provided on Plates 3 and 4. 

 

2.0 SITE LOCATION AND DESCRIPTION  

The study area as shown on Plate 1 represents an area encompassing the southern most Marble 

Mountains, southeastern Fenner Valley and the western to northern Ship Mountains, in San Bernardino 

County, California.   This region is located approximately 17 miles east of Amboy, San Bernardino 

County, California and a couple of miles south of the Interstate Highway 66.   The Fenner Gap is defined 

as an approximately 2.6 miles wide valley at the southwestern end of the Fenner Valley located between 

the southern tip of the Marble Mountains and the northwestern most bedrock exposures of the Ship 

Mountains.  The approximate center of the Fenner Gap is located at Latitude 34 31.2N, and Longitude 

115 26.7W.   Figure 1 below shows the general region of the study area (similar to the geologic map of 

Plate 2), the Fenner Gap, and a number of designated areas discussed in this report.  Names were applied 

to some bedrock inselbergs (bedrock exposures surrounded by young alluvium) for discussion purposes, 

which are also shown on Figure 1.   These include Bird Spring Hills, Fuz Hills, Mt. Bonanza, Jaggar 

Hills, northern volcanic terrain, and the northeastern volcanic terrain.  These areas are also shown on the 

Geologic Map (Plate 2) and cross sections (Plates 3 and 4). 
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Figure 1:  Shows the general study area, the Fenner Gap, the southern end of the Fenner Valley, the Marble and Ship 

Mountains, and designated names for geologic terrains discussed within this report. 

 

 
2.1 Site topography and geomorphology 

Elevations across the Fenner Gap from northwest to southeast vary from a high of ~1,600 feet above 

mean sea level (msl) in the southern Marble Mountains, 931’ msl at the base of the Marble Mounts, ~900 

feet in the valley axis, ~1100 feet at the base of the Ship Mountains, to ~3200 along the crest of the Ship 

Mountains.   Alluvial fan sediment aprons (bajadas) surround the deeply incised Marble and Ship 

Mountain that range in age from late Pleistocene to present.   Numerous alluvial fan surfaces near the 

mountain fronts are latest Pleistocene in age (<25,000 years old) and do not exhibit any identified fault 

scarps or lineaments suggesting that faulting has not occurred locally since their deposition.   In addition, 

no lineaments were identified associated with the now inactive normal faults that were active during the 

Miocene extensional tectonic phase of deformation.    

 

Relatively large bedrock inselbergs exist along the northern flanks of the Ship Mountains that include 

Bird Spring Hills, Fuz Hills, Mt. Bonanza, Jaggar Hills and the volcanic buttes in the Northern Volcanic 

Terrain (Figure 1). The inselbergs provide critical information regarding the subsurface structure and 

lithology in the area.  The existence of inselbergs along mountain ranges is typical of Basin and Range 

extensional tectonic regions where they represent elevated bedrock highlands associated with normal 

faulting that subsequently received alluvial sediments around them once normal faulting ceased.  These 

data provide strong evidence that normal faulting is no longer active in the study area. 
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There are a few important inselbergs in the southern Marble Mountains.  One of these is located just 400 

feet south of the southern tip of the Marble Mountains, which exposes a small low relief outcrop of 

strongly foliated Jurassic dioritic gneiss that is not identified within the southern Marble Mountains 

proper (Plate 2). Very similar gneissic rocks occur on the southern side of the Marble Mountains within 

the Jagger Hills (see Figure 1) indicating that the strongly foliated rocks likely extend across the Fenner 

Gap.  

 

3.0 REGIONAL PHYSIOGRAPHIC AND GEOLOGIC SETTING 

The site is located in the Basin and Range Geomorphic Province (BRGP), which is characterized by a 

series of structural and topographic basins bounded by relatively linear mountain ranges.   The BRGP 

exists throughout Nevada, eastern and southeastern California, and western to southern Arizona.  The 

alternating mountains and valley topography primarily resulted from extensional (pulling apart) tectonics 

that occurred during the Miocene (see Wernicke, 1992 for a good review).  Most valleys within the BRGP 

are truly basins in the sense that sediments eroding from the local mountain ranges deposit relatively 

locally within the immediate valley.   Streams remain trapped within the BRGP basins and do not 

terminate to the Pacific Ocean or Gulf of California (Sea of Cortez).  In addition groundwater remains 

trapped in alluvial valley sediments and upper bedrock units within the basins.   Understanding 

groundwater transport in part requires knowledge of the local subsurface stratigraphy and geologic 

structure.  For example, depth, thicknesses and characteristics of the relatively young basin alluvial 

sediments and underlying bedrock units, location of faults, and the type of geologic units (i.e. crystalline 

bedrock, volcanic, carbonates, nonlithified sedimentary).  Plate 2 provides a geologic map of the study 

area, which shows numerous mountain ranges and interconnecting valleys typical of the BRGP. 

 

The age of the rocks in the study area range from Proterozoic (1.4 Billion years old – i.e. Pre-Cambrian) 

to currently depositing alluvial sediments of Quaternary age (Figure 2).  Thus the geologic history as 

provided by identified rocks in the region involves approximately 1.4 billion years.   

 
Figure 2:  Generalized Geologic time scale (USGS website). 
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4.0 PROJECT METHODOLOGY 

Data utilized to evaluate the subsurface geologic structure of the Fenner Gap region included field 

geologic mapping, logging of boring cores, sample cuttings, photographs and videos, seismic reflection 

data, cross sections and maps provided by Mark Liggett, Google Earth imagery, gravity based basement 

structure contours, field and in house discussions with team members, and existing literature.  These are 

discussed below. 

 

4.1 Field mapping and logging of boring cores, samples and video 

Field mapping was conducted during approximately 21 days between September 2010 and February 

2011.  Approximately three of these days were utilized to review onsite cores.  Mapping utilized USGS 

7.5 minute topographic maps at a scale of 1:1000 (1 inch = 1,000 feet), a hand held GPS unit, and Google 

Earth imagery on an iPhone.  During mapping, a total of 358 individual “sites” were evaluated 

geologically with recorded data such as latitude and longitude, field cross sections, unit descriptions, 

strikes and dips of bedding, faults, foliation, fracturing, and the existence of folds, vugs (void spaces 

within bedrock) or other structures. Fracture density was also noted particularly in bedrock outcrops 

(rocks of Mesozoic age and older). Rock samples were collected at various sites in addition to 

photographs.   The results of the field mapping are shown on the Geologic Map of Plate 1.  Mapping of 

the southern Marble Mountains was greatly assisted by geology faculty at Cal State Fullerton. 

 

Boring data utilized in this report include PW-1, Well 5/14-13, TH-1, Cl-1, Cl-2, CH-1, CH-2, CH-4, CH-

5, MW-5, TW-1, TW-2, TW-2B, TW-3, and DT-1.  The locations of the borings are shown on Plate 2 

(Geologic Map).  Data from the PW-1 boring included verbal communication from team members that 

crystalline bedrock existed at a particular depth, which was utilized in the cross sections (Plates 3 and 4). 

Data for Well 5/14-13 and TH-1 consisted of references to these borings in the seismic reflection report 

by NORCAL (1997) that included brief descriptions of the type and depth of bedrock provided by Mark 

Liggett.   Cores or cuttings were evaluated for borings TW-2B, TW-3, CH-1, CH-4, CH-5, and DT-1. A 

video of boring TW-1 was also available for review in addition to Field logs produced during drilling for 

all borings as well.  Boring cores and/or cuttings were logged during this study with an emphasis to 

identify bedding dip, clast assemblage (i.e. proximal carbonates, volcanics, granitics, or distal clasts), 

fault gouge zone thickness and characteristics, rock unit name (which formation), etc.  These data were 

critical during the construction of the cross sections shown on Plates 3 and 4.  

 

4.2 Seismic reflection data 

The NORCAL (1997) report provides data and interpretation of a 2.1-mile long seismic reflection line 

that extends from the southern tip of the Marble Mountains in the northwest to nearly across the Fenner 

Gap toward the southeast.  The location of the seismic line is shown on Plate 2.  The reflection data 

extends to depths of approximately 1500 feet.   The NORCAL data interpretation was conducted utilizing 

structural models (maps and cross sections) provided by Mark Liggett. 

 

4.3 Cross sections and maps by Mark Liggett 

A number of generalized geologic maps, cross sections, and boring log interpretations by Mark Liggett 

were available for review during preparation of this report.  These data greatly assisted KGS in gaining a 

quick understanding of the local structure and stratigraphy of the region.   

 

4.4 Google earth imagery 

Google Earth was utilized during field mapping, to locate field sites with latitude and longitude, and to 

map areas not physically walked during field mapping.  This program was the primary data source to map 

the alluvial fan surfaces across the sites that were correlated to field mapping sites. 
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4.5 Gravity based basement structure contours 

CH2M Hill provided structure basement contour maps identifying the approximate depth of “bedrock” 

based on gravity data provided by Dr. John P. Maas whom also assisted NORCAL during their seismic 

reflection line study.    

 

4.6 Field and in house discussions with team members 

Considerable hydrologic, geophysical and geologic work had been conducted for the project prior to KGS 

involvement.  Provided information involving discussions, publications, geologic maps, cross sections, 

and boring logs provided by team members with CH2M Hill and Geoscience Support Services proved to 

be a critical component of this study. 

 

4.7 Existing literature 

Pertinent scientific publications were obtained for this study as well as utilization of KGS in house l 

publications and those provided by team members at the beginning of the project.  The literature covered 

topics including age and structure of local and regional faulting and deformation, stratigraphy, and 

plutonism and volcanism in the region.  The literature emphasized understanding Paleozoic sedimentary 

formations (composition, age, regional thicknesses) and the Miocene extensional tectonic event locally 

and throughout the southwestern United States.  Strangely, no detailed geologic maps were identified for 

the Fenner Gap region, which motivated the need to conduct detailed geologic mapping during this 

project. 

 

5.0 GENERAL REGIONAL GEOLOGIC HISTORY 

5.1 Pre-Cambrian (Archean and Proterozoic) through Paleozoic Eras 

The general geologic history at the site first involved the creation of the pre-Cambrian (Archean to 

Proterozoic age) craton composed of igneous and metamorphic rocks that extends across most north 

America.  Locally these rocks are approximately 1.4 billion years ago (Plate 1, Silver and McKinney, 

1963; Lanphere, 1964).   The Archean to Proterzoic age rocks essentially represent the initial continental 

crust of the North American tectonic plate.   These rocks were subsequently eroded to nearly flat across 

western north America, which provided a platform surface for deposition of a very thick sequence of 

Paleozoic marine and terrestrial sediments.  The contact between the Paleozoic sediments and the 

underlying Archean and Proterozoic craton rocks represents an unconformity of over 400 million years.   

This unconformity is referred to as the Great Unconformity and extends over a very large region in 

western North America and is very well exposed at the base of the Grand Canyon and within the site.    

 

Western North America was tectonically quiet with very little tectonic deformation during most of the 

Paleozoic.  This allowed for the deposition of the thick marine and terrestrial sediments in the region 

including thousands of feet of Paleozoic deposits within the study area.   Locally, these deposits include 

from oldest to youngest: Wood Canyon (quartzite), Zabriskie Quartzite, Latham Shale, Chambless 

Limestone, and Bird Spring (carbonates and quartzites) formations (Plate 2).  This sequence of 

sandstones, silts and carbonates were deposited as cratonal platform deposits on top of the Great 

Unconformity erosion surface.   Many of cratonal platform formations are correlated thousands of miles 

across North America.  Selected publications discussing these rocks include Hazard and Crickmay 

(1933), Hazzard and Mason (1936), Hazzard (1954), Brown, (1981), Miller et al. (1982), Stone et al. 

(1983), Fedo and Cooper (1989), Montanez and Osleger (1996), Howard (2002), and Stevens and Stone 

(2007). 

 

It should be noted that the pre-Cambrian igneous and metamorphic complex in the Fenner Gap is referred 

to herein as Archean (symbol Ar), however its true age is Proterozoic.  The map symbol Ar for the unit 

was utilized herein because Hazard and Crickmay (1933) originally mapped these rocks as Archean 
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(symbol Ar, Figure 3) and regionally the pre-Cambrian cratonal rocks range in age from Archean to 

Proterozoic. 

 
Figure 3: Modified geologic map of the study area by Hazard and Crickmay (1933). This represents the first 

geologic map of the area. 

 

       
 

5.2 Mesozoic Era 

Since the latest Paleozoic, the western margin of the North American Plate become a tectonically active 

plate margin.  Mesozoic to early Cenozoic involved primarily various subducting margin events that 

caused compressional deformation and extensive igneous activity (magma generation) from the western 

coast too as far inland as the Rocky Mountains.  Jurassic plutonism occurred approximately 167 million 

years ago (mya) in the Marble Mountains and approximately 151 mya in the Ship Mountains (Bishop, 

1963; Calzia and Morton, 1980; also see Miller et al., 1982).  The Jurassic intrusive suite in the Fenner 

Gap region is very similar in composition, depth of emplacement, and temporal compositional variations 

as those describe by Fox and Miller (1990) in the Bristol, Providence and Colton Hills areas north to 

northeast of the study area.  Powell (1993) provides a good discussion of regional igneous trends of 

southern California. The local Jurassic intrusive rocks appear to be very consistent with regional mid-

Mesozoic igneous rocks as described by Powell (1993).  Particularly their quartz poor composition, and 

ubiquitous chlorite and epidote alteration (secondary mineralization). 

 

Locally, the upper crustal intrusion of the Jurassic plutonic rocks caused deformation and metamorphism 

to all rocks they intruded into and particularly within hundreds of feet.  Most of the Ship Mountains is 

composed of the Jurassic plutonic intrusives but these rocks also occur buried by Tertiary sediments 

across the southwestern and central Fenner Gap.  The Jurassic intrusive suite metamorphosed and 

deformed the Archean igneous and metamorphic suite and the Paleozoic cratonal platform deposits in 

various ways across the site.  Metamorphism was dominantly due to increased temperatures (contact 

metamorphism).  Local folding and attenuation (ductile thinning) of the Paleozoic sedimentary formations 
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occurred in the northern Ship Mountains and across Fenner Gap where the pre-cambrian and Paleozoic 

sedimentary rocks were completely engulfed by Jurassic intrusives (roof pendants).  In addition, 

emplacement of some Jurassic intrusions was associated with intense shearing and foliation during 

emplacement of the Jurassic dioritic gneiss member (Jdg), which represents an early phase if not the first 

phase of Jurassic plutonism locally.  Jurassic intrusives also caused local structural uplift causing deep 

erosion of Paleozoic formations.  However, Jurassic and older rocks in the study area as a whole have 

never been buried deeper that upper crustal levels (2 to 4 kilometers) which has allowed for the Paleozoic 

sedimentary rocks in the southern Marble Mountains and some inselberg outcrops in the northwestern 

Ship Mountains to be relatively un-metamorphosed. 

 

Mesozoic compressional tectonics in the form of thrusting and folding occurred in what is called the 

Mesozoic foreland fold and thrust belt (Howard and others, 1980).   Locally, compressional deformation 

zones associated with this tectonic event are identified to the east in the Old Woman Mountains (Scanlon 

Thrust System; Figure 4 below; Howard, 2002) and the west in the southern Bristol Mountains (Brown, 

1981).   However, no direct evidence of local compressional deformation was identified in the study area 

during this investigation. 
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Figure 4:  Generalized regional geologic map of the study area (modified from Karlstrom et al., 1993).  Note that 

this is the first map identified during this study to show normal faulting in the Fenner Gap along the northern flanks 

of the Ship Mountains. 
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5.3 Cenozoic Era  

During the Miocene epoch (~5 to 23 million years ago), large-scale extensional tectonics (pulling apart) 

occurred throughout western north America including the area of Nevada, eastern and southeastern 

California, and western and southern Arizona.   This extension as discussed earlier is what essentially 

produced the Basin and Range Geomorphic Province and remains the dominant factor for the regions 

geomorphology (scattered mountain ranges bounded by internal craton basins, etc) although this tectonic 

event as essentially ceased in most regions.  This phase of deformation is one of the dominating factors 

regarding understanding the local geologic structure at the site.  Due to its importance the Miocene 

extensional deformational event is discussed in more detail in the next section of this report. 

 

Near the end of the Miocene and continuing today, the western North American Plate transitioned from 

extensional to transform (strike-slip) style deformation to result in the development of the San Andreas 

Fault System (Powell, 1993).  Dominantly northwest trending strike-slip (horizontal motion) faults within 

the San Andreas Fault System (Powell, 1993) occur from offshore in the Pacific Ocean to close to the 

study area although the dominant strike-slip faults occur in western California (i.e. San Andreas Fault 

proper).  These faults allow rocks just west of each northwest trending right-lateral strike-slip fault to 

move toward the northwest.   

 

There is evidence of Quaternary age active strike-slip faults in the general region of the study area that are 

part of the San Andreas Fault System and essentially represent the eastern limits of this fault system.  In 

particular the mapped Bristol-Granite Mountains fault along the western margin of the Granite and 

northern Marble Mountains (Howard and Miller, 1992).  Figure 5 by Howard and Miller (1992) shows 

Quaternary age faults based on geomorphic evidence of potentially offset Quaternary age deposits, most 

of which are preserved latest Pleistocene to Holocene (past ~11,000 years) alluvial fan surfaces.   Their 

map shows the South Bristol Mountains and Bristol-Granite Mountains fault trending toward the eastern 

Bristol Lake and Cadiz Lake basins and may connect with the Iron Mountain Fault to the southeast.  

Supportive evidence for this is a mapped strike-slip fault along the eastern Bristol Lake region by Howard 

(2002) based on well core evaluation within Bristol Lake.  Figure 5 shows the approximate location of the 

buried (concealed) northwest trending strike-slip fault in the eastern Bristol Lake area proposed by 

Howard (2002).   Also note on Figure 5 the paucity of mapped Quaternary age faults in the study area, 

which is consistent with a State of California fault map by Jennings (1994) and aerial photo and field 

mapping conducted during this study.   
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Figure 5:  Modified figure from Howard and Miller (1992) showing faults that likely offset Quaternary age 

sediments in the Bristol Lake region (black lines).  Therefore these faults are likely active.  The red fault is 

from Howard (2002) that occurs within axis of the Bristol and Cadiz valleys. 

 

  
 

During the late Cenozoic and cessation of basin and range extensional tectonics the dominant geologic 

processes locally have involved erosion of the local ancestral mountain ranges and sediment infilling of 

the local basins (i.e. Fenner, Bristol, and Cadiz Valleys).   Of note, Jennings (1994) indicates that the 

Amboy cinder cone involving primarily basalt flows occurred approximately 6,000 years ago.  This 

volcanic area is located about 20 miles west of Fenner Gap. 
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6.0 MECHANISMS OF EXTENSIONAL TECTONICS IN THE BASIN AND RANGE 

During most of the Miocene Epoch (mid-Tertiary) western North America experienced large magnitude 

extensional tectonics where in some places the Earths crust (lithosphere in reality) was extended over 100 

percent.  This occurred throughout Nevada, eastern and southeastern California, western and southern 

Arizona and northern Mexico (Sonoran Desert).  Good summary publications regarding the age and style 

of deformation is found in Frost and Martin (1982), Wernicke and Burchfiel (1982), Wernicke et al. 

(1987), Spencer and Reynolds (1989), Wernicke (1992), and Stewart (1998).   The extension is believed 

to have resulted from gravity collapse of the over thickened continental lithosphere produced during 

Mesozoic compressional tectonics believed associated with a low angle subduction zone during the late 

Cretaceous to early Cenozoic.  The over thickened crust occurred from the coast all the way to the eastern 

Rocky Mountains.  Once compression ceased just prior to the Miocene, the over thickened continental 

lithosphere simply collapsed under its own weight allowing the entire region to extend.  Essentially, it 

was a form of gravity collapse very similar to landslides.   

 

6.1 Detachment faulting 

The mechanisms of extensional tectonics in western North America involved low angle detachment faults 

that provided essentially a basal slide ramp for the overlying crust to slip laterally over.  Detachment 

faults are regional and extend over hundreds of miles in all directions. The detachment faults initially 

formed at mid-crustal levels (8 to 15 km) and deformed ductily across mylonitic shear zones hundreds of 

feet thick.   Over time and continued extension, the crustal rocks above the detachment fault  (upper plate) 

rose closer to the surface and cooler geothermal temperatures.   This cause the style of shearing along the 

detachment fault to change.  Namely, from ductile at deeper depths where temperatures were sufficiently 

high to produce mylonitic foliation, to brittle-cataclastic deformation in the upper crust where 

temperatures were much lower.  Thus, typical characteristics of detachment faults include a thick (over 

100 feet typically) mylonitic fabric zone that is subsequently overprinted by a relatively thinner and well 

defined brittle (cataclastic) shear zone.  The mylonitic foliation appears essentially like an igneous 

plutonic gneissic rock where coarse-grained silicate minerals are smeared out and elongated.  The 

cataclastic gouge zones that over print the mylonitic shear fabric are generally composed of ground up 

rock with extensive secondary mineralization and thus typically exhibit a wide variety of colors (reds, 

orange, yellow, black, etc).    

 

The rocks above and below the detachment fault are referred to as upper plate and lower plate rocks 

respectively.   Total motion across detachment faults can be on the order of tens of kilometers and 

generally speaking, once a detachment fault is exposed on the surface the upper plate rocks are typically 

quite different than those in the footwall rocks.  For example, lower plate rocks can be the result of mid to 

deep crustal levels whereas the upper plate rocks may never have been deeper than just a couple of 

kilometers.   Thus upper and lower plate rocks typically show a large contrast in metamorphic regimes.  A 

series of imbricated faults and associated crustal blocks were typically produced in the upper plate, which 

individually connect to the underlying detachment fault.   These types of faults are called listric and they 

gradually exhibit less steep dips with depth while they are active, but also, as the entire system is active, 

the listric faults themselves rotate over time to shallower dips (Figure 6).  The half graben valleys 

associated with each listric fault fill with sediments (fanglomerates typically) and volcanic igneous rocks 

during deformation.  Thus, the bedding dips of the half grabens sediments generally trend from steep to 

shallow from the base of the formation to stratigraphic upper levels respectively.   
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Figure 6:  Generalized cross section of many of primary characteristics of extensional tectonics (Modified from 

Wernicke and Burchfiel (1982). 

 

        
 

 

6.2 Metamorphic core complexes 

One of the very interesting structures identified in the southwestern United States associated with 

extensional tectonics are metamorphic core complexes (Hamilton, 1981).  Figure 7 shows a cartoon 

drawing depicting how they form.   Metamorphic core complexes develop in regions that have undergone 

a very high magnitude of crustal extension to the point where the rising detachment fault reaches the 

surface.  In other words, extension was sufficient where all the upper plate rocks essentially slipped off 

the top of the detachment fault.   It is in these areas that lower plate rocks are exposed.  Metamorphic core 

complexes occur in the central Mojave Desert (Glazner et al., 1989; Fletcher et al., 1995), the Big Maria 

Mountains (Hamilton, 1982), Whipple Mountains (Davis et al., 1982; Teel and Frost, 1982), numerous 

ranges in southwestern Arizona (Spencer and Reynolds, 1989) and in the northern Sonoran Desert in 

Mexico (Nourse et al., 1994).   However, no metamorphic core complexes are known to exist in the area 

of the site.  The western limit of the development of metamorphic complexes is currently mapped just east 

of the Old Woman Mountains as shown on Figure 4 as the West Margin Whipple Detachment System.  

The western limit of known detachment faulting is also shown on Howard (2002) as the Breakaway fault 
for Colorado River extensional corridor.  This western limit of detachment faulting represents where the 

regional detachment fault to the east reaches the surface thus suggesting that detachment faulting does not 

occur further west.  However, a detachment fault was identified in the Ship Mountains during this study 

and one is mapped by Howard (2002) in the Calumet Hills just 13.5 miles southwest of Fenner Gap on 

the western side of Bristol Lake.  These data indicate that either multiple stacked detachment faults may 

have occurred in the region, or that the detachment fault associated with the mapped Breakaway fault for 
Colorado River extensional corridor (Karlstrom et al. 1993 and Howard, 2002) may have actually 

continued further west under the Old Woman Mountains to be exposed in the northern volcanic terrain 

(Figure 1) of northern Ship Mountains when it was offset by late stage basin and range high angle normal 

faulting. 
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Figure 7: Generalized oblique cross section showing how metamorphic core complexes develop (Modified 

from Teel and Frost, 1982). 

 

 

 

 

 

 

6.3 High angle normal faults 

In many regions of the Basin and Range extensional terrain, high angle normal faults occurred subsequent 

to the imbricated listric and low angle detachment fault phase of faulting (Otton, 1981; Dokka, 1981; 

Stewart, 1998).  The high angle faults often cut through the detachment fault to produce surface exposures 

of these faults with an absence of a metamorphic complex.  It is unknown whether or not these high angle 

faults connect with a second and deeper detachment fault (stacked detachment faults) but it seems 

reasonable that this would occur.  Regardless, the high angle normal faults appear to represent in many 

areas the final stages of extensional tectonics that terminated during the late Miocene.  Figure 8 provides a 

generalized cross section showing the complexity (various dip angles and offset magnitudes, and fault 

block rotations) that resulted from high angle normal faulting.  
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Figure 8:  Generalized cross section of  

 
   

The high angle block faults often occur on a sufficient scale to allow for large valley basins (grabens) and 

mountain ranges (horsts) to form.   A good local example include the Ship and Marble Mountains that 

likely were elevated as a combined unit relative to the Bristol and Cadiz Valley by a late stage northwest 

trending high angle normal fault along the western margins of these ranges.  This normal fault is 

postulated to have allowed the Marble and Ship Mountains to rise relative to the Bristol and Cadiz 

Valleys. Thus, the current mountain range and valley topography may be dominated by block faulting 

near the later stages of regional tectonics similar to that proposed for the northern Sonoran Desert 

(Steward, 1998).  It should be pointed out that many geologists understand that normal faults exist along 

most Basin and Range mountain fronts but these faults are quite often not shown on Geologic maps 

because they are buried by younger undeformed sediments (concealed).  

 

6.4 Extensional volcanism 

Volcanism is well documented during extensional tectonism throughout the Basin and Range Province.  

This volcanism is considered pressure release type associated with thinning of the lithosphere.  The 

volcanic rock compositions vary from Rhyolite (high in silica and low in iron and magnesium) to Basalt 

(low in silica and high in iron and magnesium).  However, there is a general compositional trend during 

extension volcanism from primarily rhyolitic to basaltic over time in many extended areas including the 

deserts of southeastern California, and western and southern Arizona.  Literature evaluated during this 

study regarding Miocene age volcanism include:  May et al., (1981), McCurry (1981), Suneson and 

Lucchitta (1981), Dahm and Hankins (1982), Davis et al. (1982), Hamilton (1982), Frost and Martin 

(1982), Hillhouse and Wells (1999), Calderone et al. (1990), Wernicke (1997), Stewart (1998).  

 

6.5 Common stratigraphy and structure  associated with extensional tectonics 

Common stratigraphic and structural relationships occur associated with extensional tectonics.  For 

example, imbricated listric faults, tilted sediments within half grabens associated with listric faults that 

exhibit near source fanglomerates and interbedded volcanic rocks, detachment fault zones exhibiting a 

cataclastic shear zone over printing a thick mylonitic shear fabric, and capping volcanic rocks (typically 

basalts) that show progressively shallower dips up section.  Many of these general characteristics are 

shown on Figure 9. 
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Figure 9: Generalized stratigraphy and structure associated with extensional tectonics (Modified from 

Spencer and Reynolds, 1989).  Mf – Miocene fanglomerates (same symbol as on Plates 3 and 4). 

 

          

 

 

7.0 FINDINGS 

The stratigraphy and structures observed in the Fenner Gap region including the southern Marble 

Mountains, the southeastern end of Fenner Valley and the Ship Mountains are typical of the geologic 

history of the Basin and Range Province.  The region exhibits Paleozoic sedimentary craton platform 

deposits overlying pre-Cambrian igneous and metamorphic cratonal rocks.  These rocks were then 

intruded by Mesozoic age igneous plutonic rocks, and then extended in the Miocene during regional 

extension.  Since the Miocene, the region has been relatively tectonically inactive with the exception of 

relatively minor right-lateral strike-slip faulting due to the San Andreas Fault System.  For the most part, 

since the Miocene the dominating geologic processes have involved erosion of the local mountains and 

sediment infilling of the adjacent basins. 

 

7.1 Geology of the Fenner Gap 

Detailed descriptions of the identified geologic units are provided in Appendix A and on the Geologic 

Map of Plate 2.  This section provides information regarding the structural and stratigraphic importance of 

each of the units regarding understanding the geologic history of the site.   The general stratigraphy and 

rock types at the site from youngest to oldest include: 

 

TQal     TERTIARY TO QUATERNARY ALLUVIUM (Neogene deposits) 

   Subunits: Qal, Qoal, Qadf, Qoadf, Qoaf1, Qoaf2 and Qoaf3. 

 

Tv and Tvi   TERTIARY VOLCANICS - PEACH SPRINGS TUFF  

                               AND BASALT FLOWS (EARLY MIOCENE ~17 MY) 

   Tv  Volcanic Rocks 

   Tvi  Hypabyssal Volcanic Rocks (cooled near surface) 

 

Mf      MIOCENE FANGLOMERATES 

 

Kgr   CRETACEOUS LEUCOCRATIC GRANITE (possibly 2-mica granite) 
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Jgr  JURASSIC IGNEOUS SUITE (U-Pb >150 Ma - middle or Late Jurassic) 

        Jgr     Jurassic Granitics 

        Jdg     Jurassic Dioritic Gneiss 

       Jgr-Ar  Jurassic Granitics - Archean Complex. 

 

Bs     PENNSYLVANIAN TO PERMIAN BIRDSPRING AND  

            OTHER LIMESTONE FORMATIONS (LATE PALEOZOIC) 

 

Bk       MIDDLE CAMBRIAN BONANZA KING DOLOMITE  

              (EARLY PALEOZOIC) 

   Bku    UPPER MEMBER  

   Bkm   MIDDLE MEMBER - SILVER KING DOLOMITE  

   Bkl    LOWER MEMBER  

 

Ca      LOWER CAMBRIAN CADIZ FORMATION  

Ch     LOWER CAMBRIAN CHAMBLESS LIMESTONE 

La     LOWER CAMBRIAN LATHAM SHALE   

Za     LOWER CAMBRIAN ZABRISKIE QUARTZITE 

Wc     LOWER CAMBRIAN WOODCANYON FORMATION 

 

Ar   ARCHEAN IGNEOUS AND METAMORPHIC COMPLEX 

  (unit locally is actually Proterozoic in age). 

 

7.1.1 Archean Igneous and Metamorphic Complex 

The Archean igneous and metamorphic complex (unit Ar) are the oldest rocks in the study area (Figure 3 

and Plate 1).  These rocks are approximately 1.4 to 1.5 billion years old (Silver and McKinney, 1963; 

Lanphere, 1964). As discussed earlier, locally these rocks are actually Proterozoic in age but the map 

symbol and name designation provided originally by Hazzard and Crickmay (1933) were maintained for 

this study. After an erosion event of approximately 1 billion years, a sequence of lower Cambrian to 

upper Paleozoic sediments were deposited on top of the Archean cratonal rocks.  These units include from 

oldest to youngest, the Wood Canyon (Wc – primarily quartzite), Zabriskie Quartzite (Za), Latham Shale 

(La), Chambless Limestone (Ch), Bonanza King Dolomite (Bk), and the Bird Spring Limestone (Bs).    

 

7.1.2 Paleozoic Sedimentary Section 

Units Wc, Za, La and Ch are referred to as the Lower Cambrian Section within this report.  This suite of 

rocks are cumulatively approximately 1,100 feet thick and provide excellent stratigraphic and structural 

markers in the region.  The stratigraphic thicknesses and composition of all the Paleozoic deposits locally 

are described in Hazard and Crickmay (1933), Hazard and Mason (1936), and Hazard (1954).  It is 

possible that the Monte Cristo and Sultan limestones may also occur in the area stratigraphically between 

units Bk and Bs but they were not positively identified.   However the Monte Cristo and Sultan 

limestones were identified in the southern Bristol Mountains west of the study area near the town of 

Amboy (Brown, 1981) and thus may occur in the study area within the northern Ship Mountains, and 

potentially at depth in the eastern Fenner Gap. 

 

The regionally identified Cambrian age Bonanza King formation is primarily composed of dolomite, 

which is a magnesium carbonate mineral.  This formation exhibits a stratigraphic thickness of 2,000 feet 

in areas where it has not been eroded or attenuated by metamorphism.   The upper Paleozoic Bird Spring 

formation overlies the Bonanza King formation and is primarily composed of marble (carbonates) but 
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does contain numerous interbedded members of fine grained silty and slaty marls and quartzites.  The 

Bird Spring formation has a regional stratigraphic thickness of approximately 4,000 feet.  Thus, 

regionally, there is the potential for a carbonate dominated Paleozoic stratigraphic section of over 6,000 

feet associated with the combined Bonanza King and Bird Spring formations. 

 

The lower Paleozoic sequence of sedimentary rocks is very well preserved in the southern Marble 

Mountains where these rocks are not metamorphosed and only weakly folded and tilted. However, the 

Bird Spring formation (upper Paleozoic) is not well exposed in the southern most Marble Mountains. 

Fossils are common particularly in the Latham Shale and Chambless Limestone (Hazard and Crickmay, 

1933; Hazard and Mason, 1936; and Hazard, 1954).  The Paleozoic section in the southern Marble 

Mountains generally strike toward the north and dip approximately 30 degrees toward the east and are 

weakly folded and exhibit numerous normal (extensional) faults. 

 

The Paleozoic sequence of sedimentary rocks exhibit various degrees of metamorphism and deformation 

in the study area primarily produced during emplacement of the Jurassic igneous suite described below.   

The rocks are strongly fractured, in places had undergone contact metamorphism, attenuation (thinning) 

due to ductile flow, and were folded and tilted. Small scale faults also occur in these rocks.  The transition 

from the non-metamorphosed Paleozoic sedimentary rocks in the Marble Mountains to deformed and 

metamorphosed in the Ship Mountains primarily occurs across Fenner Gap and generally in the region of 

unit Jdg described below.  However, this transition is moderately well exposed on the surface between the 

relatively unmetamorphosed Bonanza King Formation on Mt. Bonanza, and highly deformed and 

attenuated Wood Canyon Formation in the Jaggar Hills (Figure 1, Plate 2). 

 

All units dominated by carbonates (Ch, Bk, and Bs) exhibited karst weathering (dissolution) with the 

development of caves (large vugs).  Large vugs were also identified in the video of boring TW-1 within 

the Bonanza King formation and minor dissolution features were identified within carbonate members of 

the Cadiz formation in the southern Marble Mountains.  All of the Paleozoic rocks exhibit very strong 

fracturing and jointing throughout the site.   

 

7.1.3 Jurassic Igneous and Metamorphic Suite 

The next youngest rocks in the study area is the Jurassic Igneous and Metamorphic Suite that is 

approximately 151 and 167 million years old in the northern Marble Mountains and throughout the Ship 

Mountains respectively (Miller, et al., 1982).  In terms of the study area, the site is dominated by the 167 

million year old intrusions that are the primary rock in the Ship Mountains and extend beneath basin infill 

sediments across the southern and southwestern Fenner Gap.  The Jurassic intrusive suite has been 

subdivided into three concordant units in this study herein called the Doritic Gneiss (symbol Jdg), the 

mixed Jurassic intrusives with older bedrock units (Jgr-Ar), and a member that consists of nearly pure 

Jurassic intrusives (Jgr).   This suite of rocks exhibits abundant epidote secondary mineralization that 

likely were produced by the alteration of hornblende and biotite.  This type of secondary mineralization, 

which gives these rocks a greenish hue, is typical of Jurassic age plutonic rocks as described within the 

Eastern Plutonic Belt of Powell (1993).  In addition, rocks of the Jurassic igneous and metamorphic suite 

exhibit a high density of fracturing (joints with small displacements) and joints.  Field mapping data 

indicates that on average, 4 to 12 joints would occur in a square foot area. 

 

Contacts between members Jgr, Jdg and Jgr-Ar of the Jurassic igneous and metamorphic suite are 

dominantly concordant and trend east-west from the northern Ship Mountains across Fenner Gap.  

Structurally across the study area, unit Jdg represents a relatively tabular east-west trending body along 

the northern limits of the Jurassic igneous and metamorphic suite.    The northern boundary of unit Jdg 

grades into progressively less metamorphosed and deformed rocks consisting of the Archean igneous and 

metamorphic complex and Paleozoic sedimentary formations similar to bedrock exposures in the southern 
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Marble Mountains. The transition zone between unit Jdg and relatively undeformed Archean through 

Paleozoic rocks can occur across a horizontal distance of less than 400 feet as demonstrated by rocks 

exposed in the southern most Marble Mountains (Plate 2).  Unit Jdg grades into unit Jgr-Ar along its 

southern boundary with gradually increasing relative abundances of unit Jgr toward the south.  Thus, the 

general stratigraphy of the Jurassic igneous and metamorphic suite is Jdg along the northern boundary 

(Jaggar Hills), grading into unit Jgr-Ar toward the south (northern Ship Mountains), which grades into 

unit Jgr further to the south within the central Ship Mountains. 

 

7.1.3.1 Jurassic granitics (Jgr) 

The type section of unit Jgr is exposed in the Central Ship Mountains.  Unit Jgr consists of medium to 

fine grained biotite quartz syenite, syenogranite, quartz monzonite, and fine grained hypabyssal 

equivalents.  The unit exhibits a paucity of quartz and salmon color orthoclase feldspar is common. The 

unit is typically not ductilly foliated but does exhibit considerable jointing and fracturing throughout 

suggesting some stress and strain at upper crustal levels.   Penetrative epidote secondary mineralization is 

very common.   Relatively small to very large roof pendants of older bedrock units and sills are common.  

This intrusive suite likely correlates well in terms of general age, time transgressive composition 

variations from mafic to more felsic, occurrence of aplite dikes and emplacement at relatively shallow 

crustal depths as described by Fox and Miller, 1990 evaluating similar rocks in the southern Bristol, 

southern Providence Mountains and Colton Hills.  This unit intruded and deformed all relatively older 

units, which has led to a change in structure across the Fenner Gap between the relatively un-intruded 

Marble Mountains and strong intrusions within the Ship Mountains. The contact between these two 

structural terrains occurs within Fenner Gap. Aplite dikes are also common within this unit.  Dikes of unit 

Jgr occur in the southern Marble Mountains indicating that the unit occurs at depth below the range. 

 

7.1.3.2 Jurassic dioritic gneiss (Jdg) 

The type section of the Jurassic dioritic gneiss is exposed in the Jagger Hills (Figure 1) and a small 

inselberg outcrop located approximately 400 feet south of the southern tip of the Marble Mountains.  The 

Jurassic dioritic gneiss (Jdg) represents the relatively oldest member of the Jurassic igneous and 

metamorphic suite.  This unit exhibits strong nearly vertical foliation and intercalated older rocks (Wc 

typically).  This rock unit was originally mapped as Archean (Hazard and Crickmay, 1933) but is 

considered here as representing the initial intrusion and along the northern limits of the Jurassic igneous 

and metamorphic suite.  The evidence for this is the intercalated members of the Lower Cambrian suite 

within unit Jdg and the concordant contact between units Jdg and Jgr-Ar.  Unit Jdg exhibits strong east 

west and nearly vertical foliation.  It is an approximately 2,000 feet thick tabular body located along the 

northern limits of the Jurassic igneous and metamorphic suite and extends from the Jaggar Hills across 

Fenner Valley to just south of the southern tip of the Marble Mountains (Plate 2).  This member is more 

mafic than the typical Jurassic intrusives (i.e. Jgr) observed throughout most of the Ship Mountains.   

Emplacement of unit Jdg involved intense shearing and relative vertical uplift of the rocks south of the 

unit relative to the north causing local erosion of Paleozoic and pre-Cambrian rocks.   

 

7.1.3.3 Jurassic granitics and Archean complex (Jgr-Ar) 

Unit Jgr-Ar is characterized by coarse grained, non-foliated to moderately foliated Jurassic igneous 

intrusives intercalated primarily with Archean igneous and metamorphic rocks, but also exhibits roof 

pendants and slivers of Paleozoic sedimentary rocks ranging in thickness from just a few feet to over 

1,000 feet (i.e. near the Vulcan Mine, Plate 2).  Member Jgr-Ar represents later stages of plutonic 

emplacement where Jurassic intrusives entered a region parallel to and south of the initial Jdg intrusions 

causing additional relative vertical uplift of the older rocks (Ar through Bs) but emplacement was not 

sufficient to “destroy” the pre-existing rocks in terms of metamorphism and volume of intrusion.   

Member Jgr was emplaced just to the south of member Jgr-Ar and essentially consists of nearly pure Jgr 

intrusive rocks.      
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7.1.3.4 Structures produced by Jurassic igneous intrusives 

The emplacement of the Jurassic igneous suite produced an antiform and synform structure identified by 

exposures of the Paleozoic rocks from the northern Ship Mountains across Fenner Gap.  These structures 

are shown on Plate 2 and strike roughly parallel with member contacts within the Jurassic igneous suite.  

The implication of the antiform produced by large vertical movements of magma during emplacement of 

Jgr was to essentially allow for the erosion of most of the Paleozoic rocks along the crest of the antiform.  

 

7.1.4 Miocene Fanglomerates (Mf)  with a note regarding mylonites 

The next youngest rocks identified at the site are coarse-grained Miocene age fanglomerates (unit Mf) 

deposited within early Miocene age half grabens produced by imbricated listric faults.   These sediments 

are exposed in the northeastern Ship Mountains within the area delineated as the northeastern volcanic 

terrain on Figure 2.  Unit Mf is at least 1,000 feet thick and defined herein as sediments deposited just 

prior to and during local Miocene extension.  Basal members of unit Mf were likely deposited either just 

before or during early stages of regional extension based on exotic and well rounded clasts 

(conglomerates), very well sorted sedimentary members, and a paucity of volcanic deposits or clasts.  The 

history of extensional tectonics within unit Mf is stratigraphically and structurally recorded by 

compositional and structural changes from the basal to upper members within the section.  For example, 

an increase in proximal clasts, interbedded volcanic members, increase in grain size, grain angularity 

(conglomerate to breccia) and progressively shallower dips from the basal to upper members due to listric 

fault rotations.  Unit Mf is also identified in a number of the borings within Fenner Valley (Plates 2, 3, 

and 4).    

 

Clast compositions within unit Mf vary across the site associated with variations in proximal bedrock 

exposures.  For example, upper members of unit Mf in the northeastern volcanic terrain are dominated by 

mylonitic cobbles and boulders eroded from the nearby exposed detachment fault, and within borings in 

Fenner Gap, some clasts in unit Mf consist of locally derived bedrock exposures (i.e. units Bk, Bs, 

volcanics, etc). 

 

In most places it is likely that erosion occurred in unit Mf prior to deposition of the upper Cenozoic valley 

infill deposits (unit TQal); however this does not need to be the case.  At the cessation of Miocene 

extension, it is possible that unit Mf simply continues to be deposited into undeformed (horizontal 

bedding) sediments.  However, for this study and as discussed earlier, Mf is defined as the sedimentary 

unit deposited primarily during or possibly beginning just before Miocene age extensional tectonics.  

 

As a side note regarding Miocene age rocks, the mylonitic fabric associated with the exposed detachment 

fault in the northeastern volcanic terrain was likely developed and/or reactivated during the Miocene.  The 

mylonitic fabric likely overprinted older rocks and may have originally formed during late Cretaceous to 

early Tertiary compressional tectonics.  Based on the evaluation of all the existing data, it is likely that 

mylonites identified in the study area have a minimum age of Miocene and developed during extensional 

tectonics.   The locally identified mylonites provide the only exposures of lower plate rocks associated 

with detachment fault structure. 

 

7.1.5 Miocene Volcanics (Tv and Tvi). 

7.1.5.1 Tv (extrusives) 
A sequence of local igneous volcanic rocks (unit Tv) was deposited in the study area after deposition of 

unit Mf; however, some distal volcanic deposits do occur in the upper members of unit Mf.  These rocks 

are well exposed in the southeastern Marble Mountains, and the northern Ship Mountains in the areas 

referred to as the northern and northeastern volcanic terrains (Figure 2).   A small outcrop of unit Tv was 

identified near Bird Spring Hills along the western flanks of the Ship Mountains (Plate 2).  In the northern 

Ship Mountains, Tv deposits are approximately 1,100 feet thick and represent many individual volcanic 
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eruptive members.  Although not mapped in detail, it appears that for the most part, the thick volcanic 

sequence of rocks are conformable with relatively minor deformation occurring during deposition.    

 

The Tv deposits generally strike to the north to northeast with dips between 10 to 25 degrees toward the 

east.  In the northern volcanic terrain (Figure 1), a series of volcanic outcrops bounded by younger 

alluvium occur that are tilted and exhibit repeat of section (see members A, B and C on Plate 2 and 

discussed below).  These data indicate that normal faults likely exist in this area that strike roughly 

parallel to the strike of the volcanic layers.  These faults are shown as cross faults on Plate 2.  

 

Local Tv rocks are composed of numerous distal (tuffs and ashes) and proximal (basalt and pyroclastic 

flows) volcanic deposits.  Based on mapping in the northeastern volcanic terrain, the lower half of unit Tv 

consists primarily of distal volcanic deposits (tuffs and ashes) with the upper half composed of proximal 

basalts and pyroclastic flows.   The transition from early silicic magmas (distal) to later state mafic 

magmas (proximal) is commonly observed throughout the southwestern United States extensional terrain 

(May et al., 1981; McCurry, 1981; see papers in Frost and Martin, 1982).  Proximal upper members of 

unit Tv dominate exposures of unit Tv in the southern Marble Mountains, northern volcanic terrain, and 

near the Bird Spring Hills.  Although not mapped in detail, the exposed upper members of unit Tv were 

subdivided into three members (A, B and C on Plate 2) to assist in understanding the local structure.  

These members were correlated across various outcrops in the northern volcanic terrain and across Fenner 

Gap in the southern Marble Mountains. 

 

The upper proximal members of local unit Tv represent primarily mafic flows of basalt and pyroclastic 

deposits.  Similar mafic igneous extrusives in terms of structural and stratigraphic position in the Miocene 

series occur in the Whipple Mountains located 57 miles southeast-east of the study area and the Clipper 

Mountains located northeast of the study area (Plate 1).  These deposits have reported ages of ~16 mya 

(million years ago; Davis et al., 1982) and 17 mya (Calderone et al., 1990) in the Clipper and Whipple 

Mountains respectively.  In the Ojo Range in south central Arizona, upper stratigraphic basalt flows are 

16 to 14 mya and underlying rhyolitic deposits are 18 to 16 mya old respectively (May et al., 1981). 

 

The Peach Springs tuff represents a regional rhyolitic tuff deposit that has been identified throughout the 

region from the Colorado Plateau region all the way to the central Mojave Desert (Wells  and Hillhouse, 

1989).   This tuff was formed from a single cooling event approximately 18 to 19 mya (Wells and 

Hillhouse, 1989).  Although this tuff was not positively identified (correlated) in the study area, it is 

presumed to exist within the local Tv sequence, and likely occurs in the distal lower members of mapped 

Tv.    

 

The dates provided above indicate that unit Tv was likely deposited locally during a period of time 

between 19 and 16 mya.   Based on the provided data, the lower member distal and overly lying proximal 

volcanic deposits are likely 19 to 16 mya (silicic) and 14 to 16 mya (mafic) old respectively. 

 

7.1.5.2 Tvi (Hypabyssal)  
 In a few places, fine grained igneous rocks were identified that likely cooled very close to the surface 

(hypabyssal).  The best outcrop of these rocks is along Fault No.1 within the Fuz Hills but was also 

identified in a small wash in the Bird Spring Hills area (Plate 2).  There, a salmon (likely silicic) colored 

igneous rock with small phenocrysts occur that exhibits a strong jointing system parallel to the mapped 

orientation of the fault (northeast strike).  It is postulated here that this unit may have been injected along 

the fault shear zone and due to a paucity of shear structures, may have been emplaced once the fault was 

inactive as a listric fault.   A correlation of unit Tvi with the relatively silicic lower member of unit Tv is 

possible. 
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7.1.6 Late Tertiary to Quaternary alluvial deposits (TQal) 

Valley fill sediments (unit TQal) represent coarse-grained alluvial deposits produced by the erosion of the 

local and regional mountain ranges that by definition herein were deposited after local Miocene extension 

ceased.  Unit TQal represents distal fluvial well-sorted sands and gravels, and coarse-grained 

fanglomerates near the mountain fronts (alluvial fans).  Bedding of unit TQal is undeformed and is thus 

typically less than 3 to 4 degrees common for alluvial fan depositional environments.  Member units of 

TQal were not mapped or evaluated in detail during this study but observations of their general 

characteristics were observed during field mapping.   The aerial extent of these units shown on Plate 2 

was determined from field mapping and utilizing Google earth.  In addition, a fairly quick attempt was 

made to review the boring data (logs, cores, cuttings) to assist in mapping the units at depth (cross 

sections). 

 

Unit TQal is subdivided as follows into surface and subsurface members as shown on Plates 2, 3 and 4: 

 

7.1.6.1 Fenner Valley axis deposits 
Qal Quaternary alluvium of the Fenner Valley axis.  These surficial deposits are 

composed of relatively well sorted fluvial sands with small gravel and minor silt and 

are loose.   

Qoaf Quaternary older alluvim of the Fenner Valley Axis.  These deposits represent older 

and thus deeper members of unit Qal to reflect an increase in density with depth.  An 

increase in secondary mineralization primarily composed of carbonate occurs. 

 

7.1.6.2 Distal fluvial fans near the Marble Mountains 
Qadf Quaternary alluvial distal fans.  These deposits are composed moderately well sorted 

fluvial sands, and small to medium size gravel (pebbles, cobbles with occasional 

small boulder) and are loose.  The unit primarily occurs on the northern side of 

Fenner Gap flanking the Marble Mountains.  

 

Qoadf Quaternary older distal fans.  This unit represents older members of distal fan 

deposits similar to unit Qadf but unit density is likely medium dense to dense. 

 

7.1.6.4 Fluvial and fanglomerates fans near Ship Mountains 

Qaf Quaternary alluvial fan deposits.  These deposits are composed of fluvial and 

fanglomerates (debris flows) sands and gravels (pebbles, cobbles and small boulders) 

and range from loose to medium dense.   The unit exhibits weak bar and swale 

topography and soil profiles on the bars contain silts and clays that are medium 

dense.  These deposits represent medial fan sediments within the bajadas of the 

western Ship Mountains and overlies unit Qoaf. 

 

Qoaf1 Quaternary older alluvial fan deposits.  These sediments represent older equivalents 

of unit Qaf and thus are deeper and thus become progressively more dense with 

depth.  Secondary carbonate occurs concentrated in some gravel dominated layers 

that are associated with paleosols (buried soils) and/or groundwater weathering and 

recrystallization.   Upper members of this unit are certainly late Pleistocene in age. 

 

Qoaf2 Quaternary older alluvial fan deposits.   These deposits represent proximal alluvial 

fan deposits that are a combination of fluvial and fanglomerates (debris flows).  The 

unit is composed of sand and abundant gravels much of which are cobble to medium 

boulder in size.   Grain size increases upslope considerably near the base of the Ship 

Mountains.  A preliminary analysis of exposed soils on preserved fan surfaces 
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indicate that unit Qoaf2 was deposited during the latest Pleistocene with a minimum 

age of approximately 12 to 15 thousand years.  However, unit Qoaf2 exhibits many 

terrace surfaces of varying ages some of which are likely over 35,000 years old based 

on preliminary soil evaluation (including desert varnish, desert pavement, 

rubification under clasts, soil hue, amount of secondary silts and carbonates) and 

terrace stratigraphic position.  These ages are consistent with regional alluvial fan 

ages discussed in Dohrenwend et al. (1991).  This unit exhibits numerous buried soil 

horizons that are generally two to four feet thick containing secondary silts, clays and 

carbonate. 

 

Qoaf3 Quaternary older alluvial fan deposits.  These deposits occur along the flanks of the 

elevated volcanic units in the northeastern Ship Mountains.  The unit is composed 

almost exclusively of volcanic boulders some of which are three to four feet in 

diameter.  The unit represents proximal debris flows to the local volcanic highlands.   

Soil profiles in this unit are a minimum of four to five feet thick as exposed in some 

mining related trenches that exhibit a minimum of Stage III to possibly state IV 

carbonate as defined in Machette (1985). 

 

7.1.7 Ancient playa lake and Fenner Valley sill 
TQal members deeper than approximately 700 feet just northeast of the Fenner Gap and at the southwest 

end of Fenner Valley exhibit some fine-grained fat clay deposits suggesting that the Fenner Gap bedrock 

sill (the spill over elevation for a basin) had not yet been breached by the Fenner Valley drainage system.  

This implies that TQal sediments deeper than approximately 700 feet may have been deposited in a playa 

lake environment, which is shown on the cross sections of Plates 3 and 4.  Sediments shallower than a 

depth of 700 feet in the Fenner Valley drainage system would have had the potential to be transported all 

the way to Bristol and Cadiz Valleys once the bedrock sill was overcome.  These deposits were likely 

deposited sometime between latest Miocene through the Pliocene. 

 

This paleo-depositional and geomorphic model suggests that currently buried bedrock formations in 

Fenner Gap were a bedrock ridge exposed to erosion processes.  This model provides a reasonable 

explanation for the paucity of preserved volcanic deposits and thick sequences of unit Mf within the 

Fenner Gap region at depth (Plates 3 and 4).   Unit Mf and Tv collectively can be 2000 feet thick and a 

lack of these deposits, especially the volcanic units that are presumably deposited across a landscape 

strongly suggests that relatively deep erosion occurred in Fenner Gap.  This erosion may have occurred 

once Miocene extension had ceased or possibly during the block faulting later stages of extensional 

tectonics as the Marble and Ship Mountains were uplifted collectively respective of the Bristol and Cadiz 

Valleys. 

 

8.0 DEPTH STRUCTURE EVALUATION ACROSS FENNER GAP 

8.1 Approach and Principles 

The evaluation of the relative ages of geologic units and structures (i.e. is one structure relatively younger 

or older than another?) is critical in the structural evaluation of an area.   Another key aspect to 

determining structure is to simply understand the mechanism of how geologic units are created which 

allow for assumptions to be made regarding original structure prior to deformation.  For example, one of 

the laws of geology is the assumption that sedimentary (bedding) and volcanic deposits (flows, or ash 

deposits) were originally deposited close to horizontal.  Thus, if sedimentary layers are tilted or folded, 

then it can be assumed that these rocks were deformed after deposition.  Other examples include magma 

(igneous) intrusions, which by their nature can intrude into any unit in nearly every way imaginable and 

can also destroy intruded units.  However, by utilizing the law of cross cutting relationships (any structure 

cutting across another structure must be younger) the relative age of the intrusive plutonic rock can be 
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determined.   The same evaluation occurs with faulting where all the units and structures that a fault cuts 

across must be older than the time the fault was active. 

 

Utilizing these types of observations, the geologic history of a site can be evaluated.  These site 

observations are combined with the existing knowledge of the region based on published work which is 

critical because in general, it is very rare to obtain good field examples in any one area of all cross 

cutting, stratigraphic and structural relationships needed to figure out the local geology and history 

perfectly.  With this in mind, some assumptions will nearly always have to be made regarding evaluating 

a site geologic history. 

 

Based on evaluation of the existing data, eight cross sections were constructed for this study across and 

within the Fenner Gap region.  Data utilized for the cross sections included mapping bedrock exposures, 

understanding the local stratigraphy, reviewing previous work in the region (namely cross sections and 

geologic maps by Mark Liggett), identifying individual members and their deformational role of the 

Jurassic metamorphic suite, review of the seismic reflection line, an understanding of regional extensional 

tectonic structures and stratigraphy, and evaluation of the well data (logs, cores and cuttings).    

 

All the geologic units identified in the cross sections (Plates 3 and 4) currently buried by young sediments 

(TQal) were identified somewhere in the field at the surface with the exception of the rocks below the 

detachment fault shear/mylonitic zone. Therefore, all upper plate rocks shown in the cross sections were 

exposed somewhere in the field, but the rocks of the lower plate were not identified in the field with the 

exception of the mylonitic fabric just below the cataclastic shear zone in the northeastern volcanic terrain.  

 

8.2 Deformational Events 

The two primary deformational events that affected the original and fairly simple structure of relatively 

flat Paleozoic cratonal platform deposits overlying Archean cratonal crust (referred herein as the original 

system) was emplacement of the Jurassic intrusive suite and Miocene extension.    

 

The local geology exposed in the Marble and Ship Mountains provided excellent examples to evaluate 

these two deformational events separately.  In the Marble Mountains, the original system is fairly intact 

where the Paleozoic suite of sedimentary rocks are unmetamorphosed and only moderately folded and 

faulted.  Only in a few places were igneous dikes associated with the Jurassic igneous suite identified.     

The Paleozoic sedimentary units on average strike northward and dip approximately 30 degrees to the 

east.   In this area, the primary deformational event was Miocene age normal faulting (Plate 2).  The 

normal faults in this area range from low angle to steeply dipping with various orientations.  Some of the 

normal faults offset older normal faults, which provide key cross cutting relationships to determine their 

relative ages.  Based on these observations, north-south striking low angle normal faults dipping toward 

the east were active prior to a set of northeast-southwest trending imbricated high angle northward 

dipping normal faults (see Faults No. 7, 8, and 9 on Plate 2).    

 

The northern and northeastern volcanic terrains also provide good evidence of the Miocene extensional 

event.   The repeat of volcanic members A, B and in places C provides strong evidence of normal faulting 

in the area after deposition.  In addition, the Miocene fanglomerates in the northeastern volcanic terrain 

exhibit many characteristics diagnostic of imbricated half graben extensional faulting. 

 

In contrast, most of the Ship Mountains are dominated by intrusions of the Jurassic Igneous and 

Metamorphic Suite and provide excellent exposures to evaluate their deformational affect on the original 

system (Paleozoic sediments overlying pre-cambrian rocks).  In the Ship Mountains, the Paleozoic suite 

of rocks are uplifted, metamorphosed, replaced, attenuated, eroded away, and/or folded by the Jurassic 

igneous intrusions.  Roof pendants are common.   The largest structures produced by the Jurassic 
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intrusives include a synform and antiform pair that strike northeast-east to southwest-west in the northern 

Ship Mountains and trends toward the axis of Fenner Gap (pink fold lines on Plate 2).  The antiformal 

structure is of key importance because it caused local erosion of most of the Paleozoic suite along the axis 

(top) of the fold.  For example, in the Jaggar Hills (Figure 1), all of units Bs and Bk have been eroded 

away which potentially were up to 6,000 feet thick.   However, just a couple of thousand feet away from 

the axis of the intrusive antiform, thick sequences of nearly the entire Bk section are preserved at Mt. 

Bonanza (Plate 2). 

 

It was also observed that within hundreds of feet of the Jurassic intrusive rocks, that the level of 

metamorphism was considerably diminished.  This is observed in the Bird Spring Hills where the Bird 

Spring formation is weakly metamorphosed and contains recognizable fossils (Miller et al., 1982; Stevens 

and Stone, 2007) and at Mt. Bonanza where the Bonanza King formation is weakly metamorphosed.  As a 

side note, this is one of the lines of evidence that the Jurassic intrusives were emplaced at shallow crustal 

levels. 

 

8.3 Evidence for Jurassic Intrusives in Fenner Gap 

There is very strong evidence that Jurassic intrusives occur buried across the Fenner Gap.  This includes 

the identification of a small outcrop of the Jurassic dioritic gneiss (Jdg) member just approximately 400 

feet south of the southern tip of the Marble Mountains and identification of Jurassic intrusives in 

numerous boring cores and cutting samples.  Member Jdg occurs along the northern limits of the Jurassic 

igneous suite, which implies that members Jgr-Ar and Jgr occur immediately south of the Jdg exposure 

below the surface within Fenner Gap.    

 

8.4 Evidence for Listric Normal Faults in Fenner Gap 

One of the key steps to evaluating the subsurface structure in Fenner Gap was determining whether or not 

similar normal faulting as observed in the southern Marble Mountains occur buried by alluvial sediments 

to the south.  Evidence for normal faulting in the Fenner Gap include: 

 

• The identification of northwest dipping, northeast-southwest trending normal faults along the 

northwestern flank of the Ship Mountains (Fault No. 1 and 2 on Plate 2) that are relatively 

younger than the Jurassic intrusives and very similar to faults of the Marble Mountains (Fault 

No. 7, 8 and 9).    

 

• The correlation of well exposed Miocene fanglomerates in the northeastern volcanic terrain that 

are very diagnostic of documented extensional tectonic stratigraphy in the southwestern United 

States that are also very similar to deposits identified in the Fenner Gap borings (unit Mf).   In 

other words, Miocene fanglomerates formed in half grabens exist buried in the Fenner Gap. 

 

• Normal faults were identified in the NORCAL (1997) seismic reflection line. 

 

• In TW-3, a 45 to 50 foot thick cataclastic shear zone was identified that exhibits an average 41 

degree dip, which projects to the surface very close to the projection of Fault No.2 and is 

consistent with a fault identified in the NORCAL (1997) seismic line.  Thus Fault No. 2 was 

identified on the surface in the Jaggar Hills, in TW-3, and further to the southwest along the 

seismic reflection line along Cross Section 1-1’ (Plates 2 and 3). 

 

• A well developed shear-gouge zone a minimum of 100 feet thick was identified along Fault No.1 

at latitude 34 31.201W, longitude 115 24.353W (shown on Plate 2).  This shear zone dips 

approximately 40 degrees to the north, exhibits strong secondary mineralization (epidote, 

chlorite), cataclastic shear fabric, and contains huge boulders (50x20-feet) of Bird Spring 
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formation in the shear zone of the hanging wall rocks (just above the fault zone).  In addition, a 

nearby outcrop of Bird Spring formation clearly in the hanging wall rocks likely correlates to 

Bird Spring formation to the southeast within the Ship Mountains.  In both places the sediments 

dip toward the southeast.  

 

Within the cross sections provided on Plates 3 and 4, most of Faults No. 1 through 9 are shown to exhibit 

an average vertical separation of approximately 1,000-feet; however, the magnitude of offset across these 

faults is currently unknown. 

 

8.5 Evidence for the Existence of the Detachment Fault 

The last primary structure to include in the model is whether or not a detachment fault occurs at depth in 

the Fenner Gap.   A detachment fault was identified in the northeastern volcanic terrain (Figure 2) located 

in the northeastern most Ship Mountains (Plate 2).  This fault zone, which is well exposed along a number 

of mines openings, exhibits a cataclastic fault gouge zone with strong mineralization that is at least 50 feet 

thick overprinting a strong mylonitic shear fabric.  The cataclastic gouge zone is developed parallel to the 

mylonitic fabric with dips between 35 to 45 degrees to the east.    The second line of evidence is a strong 

relatively strong reflecting layer identified in the NORCAL geophysical report (NORCAL, 1997) along 

Cross Section 1-1’ (Plate 2).   They identified a relatively horizontal reflector along the entire length of 

the seismic line (2.1 miles long) at depths ranging from 1050 to 1200 feet.  The NORCAL report 

indicated that its lithologic correlation is unknown but speculated that the reflector may correlate with 

sub-horizontal foliation or jointing in the pre-Cambrian granitic and metamorphic complex (Ar in this 

report).    It is proposed here that the reflector represents a detachment fault, and the same detachment 

fault as is exposed in the northeastern most Ship Mountains.  It is also possible that the same detachment 

fault may be exposed approximately 13 miles southwest of Fenner Gap in the Calumet Hills based on 

mapping by Howard (2002).  It is good to keep in mind that detachment faults are well documented to be 

regional structures that extend for hundreds of miles and beneath mountain ranges and valleys.  

 

The detachment fault and associated upper plate listric faults (Faults No. 1 through 9) locally may have 

been active between 25 to 17 mya based on work conducted on the Whipple Mountains detachment fault 

located 57 miles southeast of the study area (Davis et al., 1982).  Stewart (1998) indicates that detachment 

faulting in the general region of southeastern California and near the site was likely active between 20 to 

18 mya.  

 

8.6 Additional Structures to Convolve 

It is clear from field mapping that additional structures exist in the study area that contributed to the 

understanding the current geologic structure.  These structures are primarily associated with the complex 

faulting history in the area during the Miocene.  The study area exhibits a series of multi-modal normal 

fault systems that were in part produced by variations in stress regimes over time or transtension (forces 

that both pull apart and cause horizontal sliding to occur).  The region exhibits a series of north-dipping, 

northeast-southwest striking normal faults (Faults No. 1 through 9 on Plate 2), and a series of dominantly 

north-south striking faults that primarily dip to the west (Cross Faults CF-A through CF-L on Plate 2).  In 

addition, there are some north-south striking faults in the Marble Mountains that dip to the east that are 

older than (offset by) the north-dipping, northeast-southwest striking normal faults (i.e. Fault No.7).    

 

Cross Faults CF-A through CF-L (Plate 2) clearly postdate (offset) the Miocene volcanics (Tv) and the 

detachment fault itself.   Due to a paucity of volcanic members in the Miocene fanglomerates (Mf) it 

seems likely that Faults No 1 through 9 were active prior to local deposition of unit Tv and presumed in 

the model presented here to have been active during detachment faulting.    Thus, Faults No. 1 through 9 

were likely active prior to Cross Faults CF-A through CF-L.   This model is presuming that Faults No. 1 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

�/�
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

through 9 do in fact connect with a detachment fault at depth in the Fenner Gap, which has yet to be 

proven. 

 

The transition from activity of Faults No. 1 through 9 to Cross Faults CF-A through CF-L was likely 

associated with a change in ‘tectonic’ stress direction.  Specifically, Faults No. 1 through 9 were active 

during early stages of extension associated with a north-northwest to south-southeast extensional stress 

direction that transitioned during later stages to an extensional stress direction in the dominantly 

southwest to northeast direction to produce the Cross Faults.   However, it is believed that at least Fault 

No.3 remained active after the stress direction change within the central axis of the Valley (and possibly 

Faults No.4, 5, and 6).  During this transition, Fault No.3 cut through the detachment fault as did the 

Cross Faults.  Thus, the change in stress directions in the area may closely correlate in time with cessation 

of activity of the detachment fault.  Keep in mind that Cross Fault CF-L offsets the detachment fault in 

the northeastern volcanic terrain. 

 

9.0 SUMMARY OF MIOCENE FAULT HISTORY 

The structure model proposed here indicates that Faults No.1 through 9 were initially active as a series of 

imbricated listric faults during early stages of extension that connected to the underlying detachment 

fault.  This style of faulting may have occurred between 25 to 17 mya but likely in the range of 20 to 18 

mya.  This stage is consistent with the model shown in Figure 6.   Between approximately 19 to 16 mya 

most of the local volcanic rocks were deposited.  Sometime during deposition of the local volcanics, 

faulting transitioned into a period of high angle block faulting, possibly left-lateral transtensional, 

involving Cross Faults CF-A through CF-L and possibly Faults No. 3 through 6 in the Fenner Gap all of 

which cut through the now inactive detachment fault.   Similar high angle block faulting was identified 

during the later stages of Miocene extension in the Sonoran Desert (northern Mexico) that was dated 

between 15 to 10 mya (Nourse, et al., 1994).  This stage of faulting is similar to that shown in Figure 8.  

During this stage of block faulting, large-scale block faults may have allowed for the Marble and Ship 

Mountains to rise collectively relative to Bristol and Cadiz Valleys and thus create the current topography 

observed today.  Since the end of extension, the area has been relatively tectonically stable allowing for 

the deposition of late Tertiary alluvial deposits (unit TQal).   

 

10.0 CONCLUSIONS  

The primary conclusions of this study are provided on the Geologic Map (Plate 1) and on the eight cross 

sections across Fenner Gap (Plates 3 and 4).  The existing geologic data utilized to create the cross 

sections provided on Plates 3 and 4 do not provide a unique solution.  Assumptions had to be made 

especially considering the random nature associated with Jurassic intrusive igneous rocks but also 

regarding the complex history of various modes of normal faulting during the Miocene.  For example, the 

volume of Jurassic intrusives into the Bird Spring and Bonanza King formation in the southern Fenner 

Gap region is unknown.  However, a relatively low volume of igneous intrusives is shown into these 

rocks in southern Fenner Gap primarily due to the lack of metamorphism exhibited in the Bird Spring 

Hills.  It is also evident that some additional normal faulting associated with various cross faults likely 

occur across Fenner Gap.  These faults were evaluated within the cross sections in the regions where 

surface data suggested or indicated their presence.  This is the case in the southern Marble Mountains, 

area of Mt. Bonanza and the northern volcanic terrain.  However, there is little evidence regarding the 

location of various cross faults within the central region of the Fenner Gap.  These types of faults likely 

do occur across Fenner Gap because they occur in bedrock exposures on both the north and south sides of 

the Fenner Gap. 

 

Good exposures of all the rocks shown in the cross sections were mapped on the surface, which provided 

key structural and stratigraphic relationships and unit characteristics assisting in their occurrence at depth.  
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Examples of this include the nearly vertical foliation and consistent strike of unit Jdg across Fenner Gap, 

and identification of the antiform structure in unit Jgr-Ar that trended from the northern Ship Mountains 

into Fenner Gap where it is buried.  Other examples include the well defined stratigraphy of the Paleozoic 

section that provided fantastic structural markers, particularly for the lower Cambrian suite that exhibit a 

very distinct stratigraphic section.   Identification of the detachment fault in the northern volcanic terrain 

also provided a very important component to understanding the local structure. 

 

Completion of the cross sections within Fenner Gap would have proven extremely difficult without the 

current boring data shown on Plate 2.  Additional boring data would likely change the cross sections as 

well, however they would likely only shift geologic contacts and/or fault locations on the scale of less 

than 500 feet.  This value was determined during the study by evaluating new boring data and applying 

that data to the previously constructed interim cross sections.  In some instances, the anticipated 

(predicted) geologic units and/or structures encountered in new borings were only off by less than 200 

feet.  

 

It can be assumed that all the rocks, faults and other structures buried within the Fenner Gap are not 

shown exactly where they truly exist, however, the average cross sectional area of the various rock types 

likely are fairly accurate.  It can also be assumed that in general, the interpreted buried geologic structure 

shown on the cross sections of Plates 3 and 4 are a simplification of reality.  The largest error that may 

exist within the provided sections likely involves additional normal faults similar to the identified cross 

faults, which likely exist across the entire Fenner Gap. 

 

 

Miles Kenney 

Kenney GeoScience 
 

 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

�4�
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

 

11.0 REFERENCES 

 

Acton, G.D., Butler, R.F., Calderone, G.J., 1990, Paleomagnetism of Middle Miocene Volcanic rocks in the 

Mojave-Sonora desert region of western Arizona and southeastern California; Journal of Geophysical Research, 

v. 95, no. B1, pp. 625-647.  

 

Anderson, J.L., Armstrong, R.L., Davis, G.A., Frost, E.G., Krummenacher, D., Martin, D.L., 1982, Geologic and 

Geochronologic relations in the lower plate of the Whipple detachment fault, Whipple mountains, southeastern 

California: A progress report; p. 409, pp. 426-431, in Frost, E.G., Martin, D.L., eds., Mesozoic-Cenozoic 

tectonic evolution of the Colorado river region, California, Arizona, and Nevada; Anderson-Hamilton volume. 

 

Anderson, J.L., Howard, K.A., Miller, D.M., 1981, Mylonitic gneiss related to emplacement of a cretaceous 

batholiths, Iron mountains, southern California; in Tectonic framework of the Mojave and Sonoran Deserts, 

California and Arizona, Abstracts from a conference held by the USGS, 1980, edited by Howard, K.A., Carr, 

M.D., and Miller D.M.; pp. 73-75. 

 

Anderson, D.L., Kanamori, H., 1975, Theoretical basis of some empirical relations in seismology; Bulletin of the 

Seismological Society of America, Vol. 65, No. 5, pp. 1073-1095. 

 

Baldwin, J., Murbach, D.,  Mojave Desert;  pp. 19-36,  in Howard, K.A., John, B.E., Miller, D.A., GSA 1982 Cord. 

Sec. Guidebook, Preliminary Geology of the Bristol Lake region, Mojave Desert, California. 

 

Bartley, J.M., Fletcher, J.M., Glazner, A.F., Martin, M.W., Walker, J.D., 1995, Large-magnitude continental 

extension: An example from the central Mojave metamorphic core complex; GSA Bulletin, v. 107; no. 12; p. 

1468-1483. 

 

Bartley, J.M., Glazner, A.F., 1994, Eruption of alkali basalts during crustal shortening in southern California; 

Tectonics, v. 13, no. 2, pp. 493-498. 

 

Bartley, J.M., Glazner, A.F., Walker, J.D., 1989, Magnitude and significance of Miocene crustal extension in the 

central Mojave desert, California; Geology, v. 17, p. 50-53. 

 

Bishop, C.C., 1963, Compiler, Geologic Map of California, Needles Sheet: California Divisions of Mines and 

Geology (now the California Geological Survey), scale 1:250,000. 

 

Brandon, A.D., Chacko, T., Creaser, R.A., Constraints on rates of granitic magma transport from epidote dissolution 

kinetics; Department of Geology, University of Alberta, p. 1-18. 

 

Brown, H., 1981, Stratigraphic and structure of a portion of the Bristol Mountains, San Bernardino County, 

California; in Tectonic framework of the Mojave and Sonoran Deserts, California and Arizona, Abstracts from 

a conference held by the USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller D.M.; pp. 10-11. 

 

Burchfiel, B.C., Wernicke, B., 1982, Modes of extensional tectonics; Journal of Structural Geology, v. 4, no. 2, pp. 

105-115. 

 

Calzia, J.P., Morton, J.L., 1980, Compilation of isotopic ages within the Needles 1 by 2 degree quadrangle, 

California and Arizona: U.S. Geol. Survey Open-File Report 80-1303, scale 1:250,000. 

 

Carr, M.D., Howard, K.A., Miller, D.A., 1981, Tectonic framework of the Mojave and Sonoran deserts, California 

and Arizona; United States Department of the Interior Geological Survey, Open-file Report 81-503. 

 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

�5�
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

Cooper, J.D., Fedo, C.M., 1990, Braided fluvial to marine transition: the basal lower Cambrian Wood Canyon 

formation, southern Marble mountains, Mojave desert, California: Journal of sedimentary petrology, v. 60, no. 

2, pp. 220-234. 

 

Crickmay, C.H., Hazzard, J.C., 1993, Notes on the Cambrian rocks of the eastern Mojave desert, California; 

University of California Publ. Bull. Dept. Geol. Sci., v. 23 p. 57-79. 

 

Dahm, J.B., Hankins, D.D., 1982, Preliminary Geology of a portion of the southern Kofa mountains, Yuma County, 

Arizona; in Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, Arizona, and 

Nevada; edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume, pp. 459-468. 

 

Davis, C.A., Anderson, J.L, Martin, D.L., Krummenacher, D., Frost, E.G., Armstrong, R.L., 1982; Geologic and 

Geochronologic relations in the lower plate of the Whipple Detachment fault, Whipple Mountains, southeastern 

California: A progress report; in Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, 

Arizona, and Nevada; edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume, pp. 409-431. 

 

Dawes, R.L., Evans, B.W., 1991, Mineralogy and geothermobarometry of magmatic epidote-bearing dikes, Front 

Range, Colorado; Geological Society of America Bulletin, v. 103, pp. 1017-1031. 

 

Dokka, R.K., 1980, Early Miocene detachment faulting in the central Mojave desert, California; in Tectonic 

framework of the Mojave and Sonoran Deserts, California and Arizona, Abstracts from a conference held by the 

USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller D.M.; pp. 29-31. 

 

Dohrenwend, J.C., Bull, W. B., McFadden, L. D., Smith, G. I., Smith, R. S. U., Wells, S. G.; 1991; Quaternary 

geology of the Basin and Range Province in California; in The Geology of North America Vol. K-2, Quaternary 

Nonglacial Geology: Conteminous U.S.; The Geological Society of America, Chapter 11, p. 321-352. 

Fowler, E., Kooser, M.A., Sadler, P.M., Webster, M., 2003, Combining stratigraphic sections and museum 

collections to increase biostratigraphic resolution, Application to lower Cambrian trilobites from southern 

California; Approaches in high-resolution stratigraphic paleontology, edited by Peter J. Harries, chapter 3, pp. 

95-99. 

 

Fox, L.K., Miller, D.M., 1990, Jurassic granitoids and related rocks of the southern Bristol mountains, southern 

Providence mountains, and Colton Hills, Mojave Desert, California in Anderson, J.L., ed., The nature and origin 

of Cordilleran magmatism: Boulder, Colorado, Geological Society of America Memoir 174. 

 

Frost, E. G., Martin D.L. (editors), 1982; Mesozoic-Cenozoic tectonic evolution of the Colorado river region, 

California, Arizona, and Nevada Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, 

Arizona, and Nevada; edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume; pp.608, includes 51 

articles. 

 

Geologic Map of California, 1964, Needles Sheet; Division of Mines and Geology. 

 

Glazner, A.F., 1990, Recycling of continental crust in Miocene volcanic rocks from the Mojave block, southern 

California; in Anderson, J.L., ed., The nature and origin of Cordilleran magmatism: Boulder, Colorado, 

Geological Society of America, Memoir 174. 

 

Glazner, A.F., Miller, J.S., 1995, Jurassic plutonism and crustal evolution in the central Mojave Desert, California; 

Contrib Mineral Petrol v. 118: pp. 379-395. 

 

Hagadorn, J.W., Waggoner, B., 2005, Conical fossils from the lower Cambrian of eastern California; University of 

California Museum of Paleontology, http://www3.amherst.edu/~jwhagadorn/publications/PaleoBios.pdf,  

PaleoBios 25 (1):1-10. 

 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

+��
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

Hamilton, W.B., 1980, Core complexes of the Cordillera; in Tectonic framework of the Mojave and Sonoran 

Deserts, California and Arizona, Abstracts from a conference held by the USGS, 1980, edited by Howard, K.A., 

Carr, M.D., and Miller D.M.; p. 41. 

 

Hamilton, W., 1982; Structural Evolution of the Big Maria Mountain, northeastern Riverside County, southeastern 

California; in Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, Arizona, and 

Nevada Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, Arizona, and Nevada; 

edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume; pp. 1-25. 

 

Hamilton, W., Howard, K.A., Stone, P., 1983, Correlation of metamorphosed Paleozoic strata of the southeastern 

Mojave desert region, California and Arizona; Geological Society of America Bulletin, v. 94, pp. 1135-1147. 

 

Hammarstrom, J.M., Zen, E., 1984, Magmatic epidote and its petrologic significance; Geology, v. 12, p. 515-518. 

 

Hazzard, J.C., Mason, J.F., 1936, Middle Cambrian formations of the providence and Marble mountains, California; 

Bulletin of the Geological Society of America, v. 47, pp. 229-240. 

 

Hazzard, J.C., 1954, Rocks and structure of the northern Providence Mountains, San Bernardino County, California; 

Geology of southern California Bulletin 170, chapter 4, pp. 27-35. 

 

Hillhouse, J.W., Wells, R.E., 1989, Paleomagnetism and tectonic rotation of the lower Miocene Peach Springs Tuff: 

Colorado Plateau, Arizona, to Barstow, California; U.S. Geological Survey, GSA Bulletin; June 1989; v. 101; 

no. 6; p. 846-863. 

 

Horringa, E.D., Howard, K.A., Miller, D.A., Stone, P., 1989, Geologic map of the eastern parts of the Cadiz lake 

and Cadiz  valley 15-minute quadrangles, San Bernardino and Riverside counties, California; Department of the 

Interior U.S. Geological Survey, Map MF-2086. 

 

Howard, K.A., Miller, C.F., and Stone, P., 1980, Mesozoic thrusting in the eastern Mojave Desert, California: 

Geological Society of America Abstracts with Programs, v. 12, p. 112. 

 

Howard, K.A., Miller, D.M., and John, B.E., 1982, Regional character of mylonitic gneiss in the Cadiz valley area, 

southeastern California; in Mesozoic-Cenozoic tectonic evolution of the Colorado river region, California, 

Arizona, and Nevada; edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume, pp. 441-447; 

 

Howard, K.A., Miller, D.M., 1992, Late Cenozoic Faulting at the boundary between the Mojave and Sonoran 

blocks: Bristol Lake Area, California, in Richard, S.M., ed., Deformation associated with the Neogene Eastern 

California Shear Zone, southwestern Arizona and southeastern California: Redlands, Calif., San Bernardino 

County Museum Special Publication, p. 37-47. 

 

Howard, K.A., 2002; Geologic map of the Sheep Hole Mountains 30’ by 60’ Quadrangle, San Bernardino and 

Riverside Counties, California; USGS Miscellaneous Field Studies MF-2344, Sheets 1 and 2. 

 

Jennings, C.W., 1994, Fault activity map of California and adjacent areas with location and ages of recent volcanic 

eruptions; Division of Mines and Geology (California Geological Survey), Geologic Data Map No.6. 

 

John, B.E., 1981, Reconnaissance study of Mesozoic plutonic rocks in the Mojave desert region; in Tectonic 

framework of the Mojave and Sonoran Deserts, California and Arizona, Abstracts from a conference held by the 

USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller D.M.; p. 48-50. 

 

Karlstrom, K.E., Kingsbury, J.A., Miller, C.F., Wooden, J.L., 1993, Pluton emplacement along an active ductile 

thrust zone, Piute mountains, southeastern California: Interaction between deformational and solidification 

processes; Geological Society of America bulletin, v. 105, pp. 213-230. 

 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

+��
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

Lanphere, M.A, 1964, Geochronolgic studies in the eastern Mojave Desert, California: Journal of Geology, v.72, 

p.281-399. 

 

LeVeque, R.A., May, D.J., Miller, R.J., Peterson, D.W., Tosdal, R.M., 1981, Miocene volcanic rocks of the Ajo 

range, south-central Arizona; in Tectonic framework of the Mojave and Sonoran Deserts, California and 

Arizona, Abstracts from a conference held by the USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller 

D.M.; pp. 65-66. 

 

Lucchitta, I., 1981, Observations and speculations regarding the relations and origins of mylonitic gneiss and 

associated detachment faults near the Colorado plateau boundary in western Arizona; in Tectonic framework of 

the Mojave and Sonoran Deserts, California and Arizona, Abstracts from a conference held by the USGS, 1980, 

edited by Howard, K.A., Carr, M.D., and Miller D.M.; pp. 53-55. 

 

Machette, M.N. 1985, Calcic soils of the southwestern United States; Geological Society of America Special Paper 

203, pp 1-21. 

 

May, D.J., Peterson, D.W., Tosdal, R.M., LeVeque, R.A., Miller, R.J., 1981; Miocene volcanic rocks of the Ajo 

Range, south-central Arizona; in Tectonic framework of the Mojave and Sonoran Deserts, California and 

Arizona, Abstracts from a conference held by the USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller 

D.M.; pp. 65-66. 

 

McCurry, M., 1981, The structure and stratigraphy of Miocene volcanic rocks in the Woods mountains area, eastern 

Mojave desert, San Bernardino county, California; in Tectonic framework of the Mojave and Sonoran Deserts, 

California and Arizona, Abstracts from a conference held by the USGS, 1980, edited by Howard, K.A., Carr, 

M.D., and Miller D.M.; pp. 67-69. 

 

Miller, C.F., 1981, Cordilleran peraluminous granites: an ancient quartofeldspathic source; in Tectonic framework 

of the Mojave and Sonoran Deserts, California and Arizona, Abstracts from a conference held by the USGS, 

1980, edited by Howard, K.A., Carr, M.D., and Miller D.M.; pp. 70-72. 

 

Miller, D.M., Howard, K.A., John, B.E., 1982, Preliminary geology of the Bristol Lake region, Mojave Desert, 

California; Geological Society of America 1982 Cordilleran Section Guidebook, pp.128-137. 

 

Montañez, I.P., Osleger, D.A., 1996, Contrasting sequence boundary zones developed within cyclic carbonates of 

the Bonanza King formation, middle to late Cambrian, southern Great Basin, in Witzke, B.J., Ludvigson, G.A., 

and Day, J., eds., Paleozoic Sequence Stratigraphy: Views from the north American Craton: Boulder, Colorado, 

Geological Society of America Special Paper 306. 

 

McSween Jr., H.Y., Speer, J.A., Vyhnal, C.R., 1991, Hornblende chemistry in southern Appalachian granitoids: 

Implications for aluminum hornblende thermobarometry and magmatic epidote stability; American 

Mineralogist, v. 76, pp. 176-188. 

 

Powell, R.E., 1993; Balanced palinspastic reconstruction of Pre-Late Cenozoic paleogeology, southern California: 

Geologic and kinematic constraints on evolution of the San Andreas System; in The San Andreas Fault System: 

Displacement, Palinspastic Reconstruction and Geologic Evolution, edited by Powell, R.E., Weldon, R.J. and 

Matti, J.C., Geological Society of America, Memoir 178, pages 1-106. 

 

NORCAL Geophysical Consultants, Inc, 1997, Seismic Survey Cadiz Valley, Cadiz, California; report prepared for 

Cadiz Land Company, NORCAL Job No.95-386.01, report dated October 17, 1997. 

 

Nourse, J.A., Anderson, T.H., Silver, L.T., 1994, Tertiary metamorphic core complexes in Sonora northwestern 

Mexico; Tectonics, Vol. 13, No.5, pp.1161-1182. 

 



�������+��������
��������������������������

����������	
���
��
����.�/����

�

+��
��������!"���#$#%&'��(�)'()�!$��*!$)!(&#���

�

Otton, J.K., 1981, Structural Geology of the Date creek basin area, west-central Arizona; in Tectonic framework of 

the Mojave and Sonoran Deserts, California and Arizona, Abstracts from a conference held by the USGS, 1980, 

edited by Howard, K.A., Carr, M.D., and Miller D.M.; p. 82-83. 

 

Reynolds, S.J., Spencer, J.E., 1989, Overview of the Geology and mineral resources of the Buckskin and Rawhide 

Mountains; Arizona Geological Survey, v. 19, no. 2, p.5-10. 

 

Silver, L.T., McKinney, 1963, U-Pb isotopic age studies of a Precambrian granite, Marble Mountains, San 

Bernardino County, California; (abs): Geological Society of America Special Paper 73, p.65. 

 

Stewart, J.H., 1998, Regional characteristics, tilt domains, and extensional history of the late Cenozoic Basin and 

Range province, western North America, in Faulds, J.E., Stewart, J.H., eds., Accommodation Zones and 

Transfer Zones: The Regional Segmentation of the Basin and Range Province: Boulder, Colorado, Geological 

Society of America Special Paper 323. 

 

Stevens, C.H., Stone, P., 2007, The Pennsylvanian-Early Permian Bird spring carbonate shelf, southeastern 

California: Fusulind biostratigraphy, paleogeographic evolution, and tectonic implications; Geological society 

of America special paper 429. 

 

Suneson N., Luccitta, I., 1981, The origin of a Miocene basalt-rhyolite suite, southern Basin and Range Province, 

western Arizona; in Tectonic framework of the Mojave and Sonoran Deserts, California and Arizona, Abstracts 

from a conference held by the USGS, 1980, edited by Howard, K.A., Carr, M.D., and Miller D.M.; pp. 107-109. 

 

Teel, D.B., Frost E.G., 1982, Synorogenic evolution of the Copper Basin Formation in the eastern Whipple 

Mountains, San Bernardo County, California; in Mesozoic-Cenozoic tectonic evolution of the Colorado river 

region, California, Arizona, and Nevada; edited by Frost, E.G., Martin, D.L., Anderson-Hamilton Volume, pp. 

275-285. 

 

Wells, R.E., Hillhouse, J.W., 1989, Paleomagnetism and tectonic rotation of the lower Miocene Peach Springs Tuff: 

Colorado Plateau, Arizona, to Barstow, California; GSA Bulletin, v.101, no. 6, pp. 846-863. 

 

 

 

 



CADIZ GROUNDWATER PROJECT

Marble Mountains

Sh
ip

 M
ou

nt
ai

ns

Cadiz
Fenner
  Gap

Old Route 66
now National 
Trails HWY

Clipper Mountains

Chambless

Kenney GeoScience

REGIONAL GEOLOGIC MAP OF THE 
FENNER GAP AREA Plate 1

06/2011

JN 716-10

MDK0 5

Scale (miles) N

Jurassic
granitics

Archean granitics, gneiss 
~1.4 Billion years old.

Lower Cambrian
Sediments

CP = Pennsylvanian
Marbles of the Bird
Spring Formation

Permian marble
of the Bird Spring
Formation

Bristol Lake

Miocene
Volcanics

Paleozoic cratonal 
platform rocks

DRAFT



Ca

Ch
Ca

Bk BkBk

Ca

-5
00’ E

leleleleleleeeeev.vvvvvvvv.v.v.vv.v.v.v.v.

-1
000’ E

l
00’ E

lEl
00’ E

lElEl
00’0’
00’
00’0’ E

l
0000’
00’
0000000000’0’’

ev.

+5
00

’

0’ (sea leveveveveel))))))

-500’

-1000’’’’’

+500’
+5+5++++

+1000’ 00000000000

+1000’
+10 +10 +10 +10 +10 +10 ++++++++++++++++

00’ Elev.

0’ E00’ E00’E0’ El
0’ E000

El
0000’E0

E
0

EEEl

+1
00

0’

+9
50

’

+5
00

’
+5+5+5+5

+1000’

-1
50

0’ 
El

-1
50

-1
50

-1
5015
00

151511511515155511115

ev
.

kkk

B

C

C

A
B

A

A
B

BkBk

D
U

C

Fa
ul

t
N

o.
8

Fa
ul

t
N

o.
9

Fa
ul

t
N

o.
3

Fa
ul

t
N

o.
3

90
H

or
iz

on
ta

l s
lic

k-
n-

si
de

s,
1’

 a
pp

ar
en

t l
ef

t l
at

er
al

di
sp

la
ce

m
en

t

3’

1’

2’

4’

5’

1
2

3

4

5

C

A

B

A

B

C’
’

C’

TW
-3 D
T-

1
CH

-5

TW
-2

TW
-2

B

M
W

-5
CH

-1

CH
-4

CL
-1

PW
-1

CL
-2

M
W

-7

TW
-1

TQ
al

~7
57

’
Jg

r-
A

r
(h

ig
hl

y
fr

ac
tu

re
d,

sh
ea

re
d)

W
el

l 5
/1

4-
13

Ke
nn

ey
 G

eo
Sc

ie
nc

e

G
EO

LO
G

IC
 M

A
P 

O
F 

TH
E 

FE
N

N
ER

 G
A

P 
   

   
   

   
   

   
  B

ET
W

EE
N

 T
H

E
SO

U
TH

ER
N

 M
A

RB
LE

 M
O

U
N

TA
IN

S
   

   
   

   
A

N
D

 S
H

IP
 M

O
U

N
TA

IN
S

Pl
at

e 
2

0
8
/2

0
1

1

JN
 7

16
-1

0

M
D

K
M

ap
p

ed
 b

y 
M

.D
. K

en
n

ey
, T

. J
. H

aw
ks

CA
D

IZ
 G

RO
U

N
D

W
AT

ER
 S

TO
RA

G
E 

PR
O

JE
C

T

Ca
 

W
c 

Za

Za

Za

Za

Ch

Ch

Ch Ch Ch

W
c 

W
c W

c 

A
r

A
r

A
r

A
r

Ca
 

Ca
 (?

) 

La

La

W
c Bk

u

Bk
l

Bk
u

  J
gr

 
di

ke
s

Bs

50

53

60

50 49

67

60
64

66

81
D

U
71

55

54
58

65

Bs

Bs

Bs

Q
ua

rt
zi

te
m

em
be

r

Bs

Bs

Za

Jg
r

Jg
r

Bs

Bs
 ro

of
pe

nd
an

ts

Tv
i

Ea
rly

 M
io

ce
ne

sh
al

lo
w

 in
tr

us
io

n
w

ith
in

 fa
ul

t z
on

e

Tv
i

A
r

Jg
r

Bs

BI
RD

 S
PR

IN
G

 H
IL

LS

FU
Z 

H
IL

LS

M
T.

 B
O

N
AN

ZA

Jg
r

Jg
r

Jg
r

Jg
r

Jg
r

Jg
r-

A
r

S
H

I
P

 M
O

U
N

T
A

I
N

S

Za
, C

a 
an

d 
Bs

 
ro

of
 p

en
da

nt
s

La
rg

e 
Bs

bo
ul

de
r

w
ith

in
 

fa
ul

t 
zo

ne

54

30

51
85

57

23

71

Fa
ul

t
N

o.
6

Fa
ul

t
N

o.
5

Fa
ul

t
N

o.
4

Fa
ul

t
N

o.
3

Fa
ul

t
N

o.
2

Fa
ul

t
N

o.
1

Za
La

Ch
Za

30

22

2326 14

22

23

50

20

16 15
70

85

20

Jd
g

Jd
g A

r

A
tt

en
ua

te
d

W
c 

ba
sa

l p
eb

bl
e 

co
ng

lo
m

er
at

e
(8

-in
ch

 th
ic

k)

La
+Z

a
CaCh

W
c

26

11
46

3838

16

58

38

65

W
c

W
cW

c

W
c

Bk
u

Bk
l

Bk
m

Bk
u

Bk
m

Bk
u 

+
Bs

 (?
)

Za

Ch

37

15

70

73
A

r

Jd
g 

+
W

c,
 A

r

Jd
g

88

Jg
r-

A
r

57
W

c

Jg
r-

A
r

60
80

78

70

W
c(

?)

W
c

Za
30

Jd
g(

?)

Jd
g

Jd
g Jg

r-
A

r

Jg
r

Jg
r

Jg
r

Jg
r

O
ld

 E
ro

si
on

su
rf

ac
e 

(p
ed

im
en

t?
)

O
ld

 E
ro

si
on

su
rf

ac
e 

(p
ed

im
en

t?
)

38

42
50

7

30

48

16

53
53

34

62

24

 d
ik

e

65
73

5036
18

52

47

33
14 40

5

30

58

36

W
c 

N
O

T
 M

A
P

P
ED

34
39

33

24
30

26 Ca
 

28

26
31 23

15
8

15 30
17

30

30

30
23

31

30
22

20

51

44
38

39

39
42

33

45
3535

45

14

28
37

15

10
44

21 10
30

5

30

20

39

31
46

35

36

29

50

Jd
g

45

22

23

Ch
W

c

NOT MAPPED

La

W
c

Ca
 

Ch

A
r

A
r

Ch
Ca

 

A
r

W
c

Tv
Bk

l 40

45
29

Ch

Tv
 (m

em
be

rs
 A

 a
nd

 B
 )

12

Za Za
A

r
W

c

20

20 19

19

18

5
21

20
DU

Tv

Tv Tv

Tv

Tv

Tv

Tv

Tv

Tv

Tv

Tv

Tv

40
25

Tv

Su
rfi

ci
al

 a
eo

lia
n

sa
nd

 d
ep

os
its

(d
un

es
) o

ve
rly

in
g

vo
lc

an
ic

s

Tv

    
    

   L
ow

er
 C

am
br

ia
n 

Uni
ts

at
te

nu
at

ed
, n

ot
 m

ap
pe

d 
in

di
vi

du
al

ly.

Jg
rZa

Q
oa

f2
Bs

Bs
Jg

r

Jg
r

Bs81

6620

80
45

59 59
68

85

66

Bs

17
16

M
f

25M
f

M
f

Q
oa

f3

Q
oa

f3

Q
oa

f3

Q
oa

f3

Q
oa

f3 ?

?

Kg
r

 (?
)

18 28
14

Tv

Tv

Tv
- B

as
al

t
an

d 
pr

ox
im

al
vo

lc
an

ic
s

Tv- distal volcanics (tuffs)

Tv
- B

as
al

t
an

d 
pr

ox
im

al
vo

lc
an

ic
s

Tv

Tv
 - 

pr
ox

im
al

 v
ol

ca
ni

c
(b

as
al

t fl
ow

s,
 p

yr
oc

la
st

ic
de

po
si

ts
, e

tc
)

Tv
 - 

pr
ox

im
al

 v
ol

ca
ni

c
(b

as
al

t fl
ow

s,
 p

yr
oc

la
st

ic
de

po
si

ts
.  

M
em

be
rs

 A
 a

nd
 B

 
co

rr
el

at
ed

 to
 o

ut
cr

op
s 

on
 th

e 
so

ut
he

as
te

rn
 s

id
e 

of
 th

e 
Fe

nn
er

 G
ap

)

M
f

M
f

3138

50

Le
uc

oc
ra

tic
gr

an
iti

cs
ne

ar
 s

ur
fa

ce

Kg
r

(?
)

   
Tv

(?
)

(o
ld

er
)

Q
oa

f3

Q
oa

f3

Tv

Q
af

/Q
oa

f1

Q
af

/Q
oa

f1

Q
al

Q
al

Q
al

Q
al

/Q
oa

l

Q
oa

f2

Q
oa

f2

Q
oa

f2

Jg
r

BkJd
g

Q
oa

f2

Q
oa

f2 Q
oa

f2

Q
oa

f2

Q
oa

f2

Q
oa

f2

F
E

N
N

E
R

 V
A

L
L

E
Y

M
A

R
B

LE
 M

O
U

N
TA

IN
S N

O
T

 M
A

P
P

E
D

Bk
l

53

Q
oa

f2 Q
oa

f2

Q
oa

f2

Q
oa

f2

Q
oa

f1

Q
oa

f2

Q
oa

df

   
   

   
   

   
Q

al
(V

al
le

y 
A

xi
s 

D
ep

os
its

)
   

   
   

  Q
ad

f/
Q

oa
df

La
te

st
 P

le
is

to
ce

n 
to

 H
ol

oc
en

e
di

st
al

 fa
n 

de
po

si
ts

W
c

36

Ca

-202000’000000000000000000

-1500’
1500’
15001500150015001 00’00’0000000000000000000000000

1-1000’
111

-500’

-2500’
-2500
-2500
-25-2-25002 00000000000000000000000000

-3000’

2000’
2000’

-2000’ 0 202000’
2000’
2000’
200

-1500’
-1500’
-1500’
-1500’
-1500’
-1500’
151500
1500
1

-1000’
10 -1-10 -10 -10 -10 --11-101-1-1-1-1-1-1-1111111-1

-2500’
250 250 250 25250 25

-3000’

0’ (sea lev
0’ (s0’ (s0’ (s0’ (s0’ (s0’ (s0’ (s(s

el)

0’ (s
ea le

v
a lev
a lev
a lev
a levevel)))))))))

Q
al

/Q
oa

l

18

77

3221
19

37

63
73

20
27

26

70

49

TQ
al

Be
dr

oc
k

58
0’

TQ
al

G
ra

ni
tic

Be
dr

oc
k

80
0’

TQ
al

TQ
al

20
0’

69
0’

26
0’

38
0’

45
0’

Ch La Za W
c

Q
ad

f

Q
ad

f/
Q

oa
df

Ca

W
c La

Ch

-500’
-

0’(sea level)

+500’
++++++++++++

+1000’
100 10100 100 100 100 100 100010011101110

TQ
al

~5
40

’

Jg
r-

A
r

(b
re

cc
ia

te
d)

M
f

59
3’

TQ
al

80
9’

95
5’

Za
+W

c+
Jg

r

Jg
r-

A
r

TQ
al

53
8’

11
06

’
Jg

r-
A

r
(v

er
y

st
ro

ng
ly

sh
ea

re
d)

depth

M
f5 

 d
ip

0

30
  d

ip
0

depth

depth

depth

depth

depth

depth

TQ
al

95
0’

depth

M
f

16
40

’
Ca

/C
h

/L
a/

Za
Fa

ul
t N

o.
 2

20
00

’
A

r/
Jg

r-
A

r/
m

yl
on

ite
(c

lo
se

 to
de

ta
tc

hm
en

t
fa

ul
t?

)

TQ
al

80
0’

(?
)

M
f(?

)

12
80

’

92
0’0’

15
00

’

W
c

Jg
r

0’

0’

0’

0’
0’

0’

0’

TQ
al

46
0’

~6
60

’
Bk

u

depth

0’

Bk
m

10
00

’

13
80

’

Det
ac

hm
en

t F
au

lt

U
P

P
E R

 P
L A

T E  R
O

C
K

S

LO
W

E R
 P

L A
T E  R

O
C

K
S

Fa
ul

t
N

o.
7

?

Fa
ul

t
N

o.
6

?

?

?

CF-A

CF-B

CF-D

CF-E

CF-F

CF-G

CF-H

CF-I

CF-J

CF-K

CF-L

CF-C

Detachment F
ault

U P P E R  P L A T E  R O C K S

L O W
E R  P L A T E  R O C K S

83
80

Ro
ck

s 
in

 B
ird

 S
pr

in
g

H
ill

s 
ar

e 
in

cr
ea

si
ng

ly
m

or
e 

br
itt

ly
 fa

ul
te

d
to

w
ar

d 
th

e 
no

rt
hw

es
t

su
gg

es
tin

g 
pr

es
ce

nc
e

of
 n

ea
rb

y 
fa

ul
t z

on
e.

Tv
-P

ro
xi

m
al

,
ve

si
cu

la
r :

 
lik

el
y 

no
t

til
te

d.

88

62

Fi
el

d 
m

ap
pi

ng
 tr

av
er

se
 li

ne
w

ith
 c

on
tin

uo
us

 Jg
r e

xp
os

ur
e

in
di

ca
tin

g 
no

 la
rg

e 
sc

al
e 

fa
ul

t
cr

os
se

s 
th

is
 li

ne
.  

Jg
r e

xh
ib

its
ab

ou
nd

an
t j

oi
nt

in
g,

 in
te

rn
al

sh
ea

rin
g,

 a
nd

 m
ul

ti-
co

m
po

si
tio

na
l

an
d 

te
xt

ur
al

 m
em

be
rs

.

29

51

5863

67
90

64U
D

70
68

45Po
ss

ib
le

sl
ip

 v
ec

to
r

of
 N

67
W

, 3
5.

70

65
60

67
87 56

53 Bs
 ro

of
pe

nd
an

t

61
40

W
c/

A
r

ex
po

se
d

in
 h

an
gi

ng
w

al
l b

el
ow

Bs

48

Bs
62Ca

Za Bs

47

40
61

55

Jg
r

45

Za+
W

c

Li
ke

ly
 Jg

r 
in

tr
us

io
n 

ag
e

sh
ea

r-
m

et
am

or
ph

ic
zo

ne

CH
4

CH

W
c/

A

0’

Sa
m

e 
Bs

 M
em

be
rs

 
Pe

nn
sy

lv
an

ia
n 

ag
e

(lo
w

er
)

Pennsy
lva

nian Pe
rm

ian

Sk
ar

ns

Q
af

/Q
oa

f1

Q
af

/Q
oa

f1

Q
af

/Q
oa

f1

Q
ad

f/
Q

oa
df

Q
ad

f/
Q

oa
df

Q
ad

f/
Q

oa
df

Q
ad

f/
Q

oa
df

GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG
A

P
AAA

P
A

P
A

P
AAAAAA

P
AAA

PPPP
AAAA

PPPPPPP

E
RRRRRRRRRRRRRRRRRRRRRRRRRRR

 GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG
A

GGGGGGG
E

R

N
NNNNNNNN

E
R

EEEEEEEEEEEEEE
R

E
R

E
R

E
R

E
R

E
R

E
R

E
R

E
RRRRRRRRRRRRRRRRRRRRRRR

NNNNNNN
EEEEEEEEE

R

E
F

EEEEEEEEEEEEEEEEEEE
F

E
F

E
F

E
F

E
F

E
F

E
F

E
F

E
FF

EEEE
F

E
F

EE
F

E
F

E
F

EEEEEEEE
N

N
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

E
N

N
E

G

F
E

N
N

N
N

E
R

P

N
N

N
NNN

N
6

Bk
0

+5

Q
af

/Q

77

37

73

G
ra

ni
tic

Be
dr

oc
k

TQ
al

TQ
a

TQTQ
a

Q
a

CH
-2

32
0’

Fa
ul

t N
o.

3 
m

ay
 o

ffs
et

 th
e 

de
ta

ch
m

en
t f

au
lt

as
 a

 s
te

ep
ly

 d
ip

pi
ng

 (h
ig

h 
an

gl
e)

 le
ft

-la
te

ra
l 

no
rm

al
 fa

ul
t.

T
Q

al
  

- 
 T

E
R

T
IA

R
Y

 T
O

 Q
U

A
T

E
R

N
A

R
Y

 A
L

L
U

V
IU

M
 (

N
eo

g
en

e 
d

ep
o

si
ts

)
P

ri
m

ar
il

y
 c

o
m

p
o

se
d

 o
f 

si
lt

y
 s

an
d

 a
n

d
 g

ra
v

el
s 

d
ep

o
si

te
d

 b
y

 f
lu

v
ia

l 
p

ro
ce

ss
es

 p
o

st
 e

ar
ly

 M
io

ce
n

e 
B

as
in

 a
n

d
 R

an
g

e 
ex

te
n

si
o

n
. 

 B
y

 d
ef

in
it

io
n

 w
it

h
in

 
th

is
 r

ep
o

rt
, 
T

Q
al

 e
x

h
ib

it
s 

h
o

ri
zo

n
ta

l 
to

 n
ea

rl
y

 h
o

ri
zo

n
ta

l 
b

ed
d

in
g

 (
2

-3
 d

eg
re

e 
d

ip
s 

ty
p

ic
al

 o
f 

al
lu

v
ia

l 
fa

n
s)

, 
a 

p
au

ci
ty

 o
f 

fr
ac

tu
re

s 
o

r 
jo

in
ts

 a
n

d
 t

h
u

s 
is

 r
el

at
iv

el
y

 u
n

d
ef

o
rm

ed
 s

u
g

g
es

ti
n

g
 i

t 
p

o
st

 d
at

es
 M

io
ce

n
e 

ex
te

n
si

o
n

al
 t

ec
to

n
ic

s.
  

H
o

w
ev

er
 a

t 
d

ep
th

, 
u

n
it

 T
Q

al
 c

o
u

ld
 a

n
d

 l
ik

el
y

 i
s 

co
m

fo
rm

ab
le

 w
it

h
 

u
n

d
er

ly
in

g
 u

n
it

 M
f 

in
 s

o
m

e 
p

la
ce

s.
  
T

h
e 

u
n

it
 e

x
h

ib
it

s 
fi

n
e 

b
ed

s 
o

f 
si

li
ty

 f
in

e 
to

 m
ed

iu
m

 s
an

d
, 

so
m

e 
th

in
 s

il
t 

b
ed

s,
 a

n
d

 o
cc

as
si

o
n

al
 c

ar
b

o
n

at
e 

zo
n

es
 t

h
at

 
li

k
el

y
 r

ep
re

se
n

t 
p

al
eo

so
ls

 o
r 

co
n

g
lo

m
er

at
e 

la
y

er
s 

w
it

h
 p

o
st

 d
ep

o
si

ti
o

n
al

 g
ro

u
n

d
w

at
er

 f
lo

w
. 

 C
o

n
g

lo
m

er
at

e 
m

em
b

er
s 

co
n

ta
in

 l
o

ca
l 

cl
as

ts
 (

v
o

lc
an

ic
s,

 
ca

rb
o

n
at

es
, 

ig
n

eo
u

s 
p

lu
to

n
ic

).
  
T

h
is

 u
n

it
 h

as
 b

ee
n

 s
u

b
d

iv
id

ed
 i

n
to

 v
ar

io
u

s 
al

lu
v

ia
l 

u
n

it
s 

b
as

ed
 o

n
 r

el
at

iv
e 

ag
e 

an
d

 d
ep

o
si

ti
o

n
al

 e
n

v
ir

o
n

m
en

t 
(Q

al
, 

Q
ad

f,
 Q

o
af

1
, 

Q
o

af
2

 a
n

d
 Q

o
af

3
).

  
U

n
it

 Q
al

 r
ep

re
se

n
ts

 v
al

le
y

 a
x

is
 s

ed
im

en
ts

 f
ro

m
 d

is
ta

l 
so

u
rc

es
. 

 T
h

er
e 

is
 a

 g
en

er
al

 c
o

ar
se

n
in

g
 f

ro
m

 u
n

it
 Q

al
 t

o
 u

n
it

Q
o

af
3

 p
ri

m
ar

il
y

 a
ss

o
ci

at
ed

 w
it

h
 s

ed
im

en
t 

tr
an

sp
o

rt
 d

is
ta

n
ce

s.
  

M
f 

 -
  

 M
IO

C
E

N
E

 F
A

N
G

L
O

M
E

R
A

T
E

S
T

h
is

 u
n

it
 r

ep
re

se
n

ts
 a

 c
o

ar
se

n
in

g
 u

p
w

ar
d

 s
eq

u
en

ce
 o

f 
se

d
im

en
ts

 c
o

m
p

o
se

d
 o

f 
w

el
l 

b
ed

d
ed

 s
il

ty
 f

in
e 

to
 m

ed
iu

m
 s

an
d

s 
(b

as
e 

o
f 

u
n

it
),

 t
o

 w
el

l
b

ed
d

ed
 g

ra
v

el
y

 s
an

d
s 

w
it

h
 e

x
o

ti
c 

 w
el

l 
ro

u
n

d
ed

 c
la

st
s,

 t
o

 c
o

b
b

le
 c

o
n

g
lo

m
er

at
e 

w
it

h
 r

o
u

n
d

ed
 e

x
o

ti
c 

an
d

 s
u

b
an

g
u

la
r 

to
 a

n
g

u
la

r 
lo

ca
l 

cl
as

ts
,

to
 c

o
n

g
lo

m
er

at
e-

b
re

cc
ia

 c
o

m
p

o
se

d
 o

f 
lo

ca
l 

m
y

lo
n

it
ic

 o
r 

o
th

er
 l

o
ca

l 
su

b
an

g
u

la
r 

to
 a

n
g

u
la

r 
cl

as
ts

 (
u

p
p

er
 m

em
b

er
s)

. 
 T

h
e 

u
n

it
 g

en
er

al
ly

 d
ip

s 
b

et
w

ee
n

 1
0

 t
o

 3
0

 d
eg

re
es

 t
o

 t
h

e 
ea

st
, 

is
 f

ra
ct

u
re

d
, 

v
er

y
 d

en
se

, 
an

d
 w

el
l 

ce
m

en
te

d
. 

 M
f 

is
 i

n
te

rp
re

te
d

 t
o

 r
ep

re
se

n
t 

d
ep

o
si

ti
o

n
 a

n
d

 d
ef

o
rm

at
io

n
 

as
so

ci
at

ed
 w

it
h

 l
o

ca
l 

B
as

in
 a

n
d

 R
an

g
e 

ex
te

n
si

o
n

al
 t

ec
to

n
ic

s 
d

u
ri

n
g

 t
h

e 
ea

rl
y

 M
io

ce
n

e;
 h

o
w

ev
er

, 
b

as
al

 m
em

b
er

s 
ex

p
o

st
ed

 i
n

 t
h

e 
n

o
rt

h
ea

st
er

n
S

h
ip

 M
o

u
n

ta
in

s 
ex

h
ib

it
 f

lu
v

ia
l 

d
ep

o
si

ts
 w

it
h

 e
x

o
ti

c 
cl

as
ts

 i
n

d
ic

at
in

g
 p

o
ss

ib
le

 d
ep

o
si

ti
o

n
 p

ri
o

r 
to

 l
o

ca
l 

ea
rl

y
 M

io
ce

n
e 

ex
te

n
st

io
n

. 
N

o
 p

u
re

ly
v

o
lc

an
ic

 l
ay

er
s 

w
er

e 
id

en
ti

fi
ed

 i
n

 u
n

it
 M

f 
h

o
w

ev
er

 v
o

lc
an

ic
 c

la
st

s 
w

er
e 

id
en

ti
fi

ed
 a

t 
th

e 
b

as
e 

o
f 

u
n

it
 M

f 
in

 s
o

m
e 

co
re

s.
  

A
r

W
c

Z
a

L
a

C
h

C
a

~
~

~
~

~
~

~
~

~
~

~
~

~

B
k

  
- 

  
M

ID
D

L
E

 C
A

M
B

R
IA

N
 B

O
N

A
N

Z
A

 K
IN

G
  

D
O

L
O

M
IT

E
 (

E
A

R
L

Y
 P

A
L

E
O

Z
O

IC
)

 
B

k
u

: 
 U

P
P

E
R

 M
E

M
B

E
R

: 
 L

ig
h

t 
cr

ea
m

y
 g

ra
y

 d
o

lo
m

it
e,

 2
0

0
 -

 2
5

0
 f

ee
t 

th
ic

k
: 

 

 
B

k
m

: 
M

ID
D

L
E

 M
E

M
B

E
R

 -
 S

IL
V

E
R

 K
IN

G
 D

O
L

O
M

IT
E

: 
 V

er
y

 d
ar

k
 s

m
o

k
y

 g
ra

y
 t

o
 n

ea
rl

y
 b

la
ck

 d
o

lo
m

it
e,

 2
0

0
 t

o
 2

5
0

 f
ee

t 
th

ic
k

. 

 
B

k
l:

  
 L

O
W

E
R

 M
E

M
B

E
R

  
  

D
ar

k
 s

m
o

k
y

 g
ra

y
 d

o
lo

m
it

e 
an

d
 p

ar
ti

al
ly

 d
o

lo
m

it
iz

ed
 L

S
, 

lo
ca

ll
y

 c
h

er
ty

 a
n

d
 s

an
d

y.
  

In
tr

af
o

rm
at

io
n

al
 

 
 

p
eb

b
le

 a
n

d
 c

o
b

b
le

 c
o

n
g

lo
m

er
at

es
 o

cc
u

r.
  

 1
5

0
0

 -
 1

8
0

0
 f

ee
t 

th
ic

k
. 

 I
n

d
iv

id
u

al
 b

ed
s 

3
 t

o
 6

 f
ee

t 
th

ic
k

.

Jd
g

  
- 

 J
u

ra
ss

ic
 D

io
ri

ti
c 

G
n

ei
ss

T
h

is
 u

n
it

 r
ep

re
se

n
ts

 d
io

ri
ti

c 
in

tr
u

si
v

es
 w

it
h

 z
o

n
es

 o
f 

a 
b

an
d

ed
 g

n
ei

ss
 w

it
h

 m
in

o
r 

zo
n

es
 e

x
h

ib
it

in
g

 w
ea

k
 m

y
lo

n
it

ic
 f

ab
ri

c.
T

h
e 

u
n

it
 i

s 
p

ri
m

ar
il

y
 d

io
ri

ti
c 

b
u

t 
co

n
ta

in
s 

fe
ls

ic
 z

o
n

es
. 

 I
n

te
rc

al
at

ed
 z

o
n

es
 o

f 
lo

w
er

  
C

am
b

ri
an

 u
n

it
s,

 p
ar

ti
cu

la
rl

y
 W

o
o

d
 C

an
y

o
n

an
d

 p
o

ss
ib

ly
 Z

ab
ri

sk
ie

 Q
u

ar
tz

it
e 

o
cc

u
r 

w
it

h
in

 t
h

e 
u

n
it

 i
n

d
ic

at
in

g
 t

h
at

 J
d

g
 i

s 
n

o
t 

p
re

-C
am

b
ri

an
 i

n
 a

g
e.

  
F

o
li

at
io

n
 o

f 
th

e 
u

n
it

 l
ik

el
y

 
o

cc
u

re
d

 d
u

ri
n

g
 e

m
p

la
ce

m
en

t 
in

to
 A

rc
h

ea
n

 i
g

n
eo

u
s 

an
d

 m
et

am
o

rp
h

ic
 s

u
it

e 
an

d
 l

o
w

er
 C

am
b

ri
an

 s
tr

at
ig

ra
p

h
ic

 u
n

it
s 

d
es

cr
ib

ed
 b

el
o

w
. 

 
F

o
li

at
io

n
 i

s 
n

ea
rl

y
 v

er
ti

ca
l 

an
d

 s
tr

ik
es

 g
en

er
al

ly
 e

as
t-

w
es

t.
  

F
in

e 
g

ra
in

ed
 a

p
li

te
 d

ik
es

 a
n

d
 a

p
h

an
it

ic
 r

h
y

o
li

ti
c 

in
je

ct
io

n
s 

p
ar

al
le

l 
to

 t
h

e 
g

n
ei

ss
 f

o
li

at
io

n
 o

cc
u

r.
  
T

h
is

 n
ew

ly
 d

is
co

v
er

ed
 u

n
it

 w
h

ic
h

 w
as

 m
ap

p
ed

 a
s 

P
re

-C
am

b
ri

an
 b

y
 e

ar
li

er
 s

tu
d

ie
s 

is
 c

o
n

id
er

ed
 h

er
e 

to
 

re
p

re
se

n
t 

p
ar

t 
o

f 
th

e 
Ju

rr
as

si
c 

ig
n

eo
u

s 
su

it
e 

o
f 

ro
ck

s 
as

so
ci

at
ed

 w
it

h
 e

ar
ly

 s
ta

g
es

 o
f 

em
p

la
cm

en
t 

o
f 

u
n

it
 J

g
r.

  
S

ec
o

n
d

ar
y

 e
p

id
o
te

 
is

 c
o

m
m

o
n

 b
u

t 
ca

n
n

o
t 

ru
le

 o
u

t 
m

ag
m

at
ic

 c
ry

st
al

li
za

ti
o

n
. 

 A
p

h
an

it
ic

 d
ik

es
 p

ar
al

le
l 

to
 f

o
li

at
io

n
 a

re
 c

o
n

si
st

en
t 

w
it

h
 u

p
p

er
 c

ru
st

al
 

em
p

la
ce

m
en

t 
si

m
il

ar
 t

o
 u

n
it

 J
g

r.
  

 B
as

ed
 o

n
 c

u
rr

en
tm

ap
p

in
g

 d
at

a,
 u

n
it

 J
d

g
 m

ay
 h

av
e 

b
ee

n
 e

m
p

la
ce

d
 a

s 
a 

ta
b

u
la

r 
b

o
d

y
 t

re
n

d
in

g
 

ap
p

ro
x

im
at

el
y

 e
as

t 
w

es
t 

th
ro

u
g

h
 t

h
e 

F
en

n
er

 G
ap

, 
th

en
 l

at
er

 i
n

tr
u

si
o

n
s 

as
so

ci
at

ed
 w

it
h

 u
n

it
 J

g
r 

p
ri

m
ar

il
y

 o
cc

u
re

d
 s

o
u

th
 o

f 
th

e 
Jd

g
 t

ab
u

la
r 

b
o

d
y

 w
it

h
 u

n
it

 J
d

g
 r

ep
re

se
n

ti
n

g
 t

h
e 

n
o

rt
h

er
n

 b
o

u
n

d
ar

y
 o

f 
u

n
it

 J
g

r.
  
W

it
h

in
 t

h
is

 m
o

d
el

 c
o

n
si

d
er

ab
le

 s
h

ea
ri

n
g

 o
cc

u
re

d
 

w
it

h
in

 u
n

it
 J

d
g

 a
s 

m
ag

m
a 

as
so

ci
at

ed
 w

it
h

 u
in

t 
Jg

r 
w

as
 e

m
p

la
ce

d
 c

au
si

n
g

 v
er

ti
ca

l 
u

p
li

ft
 a

n
d

 f
o

rm
at

io
n

 o
f 

an
 a

n
ti

fo
rm

al
 s

tr
u

ct
u

re
 

to
 p

re
-e

x
is

ti
n

g
 r

o
ck

s.
  

M
ay

 c
o

rr
el

at
e 

w
it

h
 u

n
it

 J
q

d
 o

f 
H

o
w

ar
d

 e
t 

al
.,

 1
9

8
9

 i
d

en
ti

fi
ed

 i
n

 t
h

e 
n

o
rt

h
er

n
 K

il
b

ec
k

 H
il

ls
.

Jg
r-

A
r 

 -
  

 J
u

rr
as

ic
 G

ra
n

it
ic

s 
- 

A
rc

h
ea

n
 C

o
m

p
le

x
T

h
is

 u
n

it
 r

ep
re

se
n

t 
re

g
io

n
s 

w
h

er
e 

Ju
rr

as
si

c 
p

lu
to

n
is

m
 (

p
ri

m
ar

il
y

 J
g

r)
 i

n
tr

u
d

ed
 i

n
to

 p
re

-e
x

is
ti

n
g

 A
rc

h
ea

n
 I

g
n

eo
u

s 
an

d
 M

et
am

o
rp

h
ic

 
C

o
m

p
le

x
 (

A
r)

 a
n

d
 P

al
eo

zo
ic

 r
o

ck
s 

(W
c,

 Z
a,

 L
a,

 C
h

, 
C

a,
 B

k
, 

B
s)

.

N
o

te
: 

 T
h

e 
Ju

rr
as

si
c 

 I
g

n
eo

u
s 

an
d

 M
et

am
o

rp
h

ic
 S

u
it

e 
is

 c
o

n
si

d
er

ed
 p

ar
t 

o
f 

th
e 

E
as

te
rn

 P
lu

to
n

ic
 B

el
t 

b
y

 P
o

w
el

l,
 1

9
9

3
.

 Jurassic Igneous
and Metamorphic
         Suite

Lower Cambrian Sedimentary Section

       (total thickness is ~1,100 feet)

U
n
co

m
fo

rm
it

y
 i

n
 m

o
st

 e
x
p
o
se

d
 l

o
ca

li
ti

es

JU
R

A
S

S
IC

 I
G

N
E

O
U

S
 A

N
D

 M
E

T
A

M
O

R
P

H
IC

 S
U

IT
E

 (
U

-P
b

  
~

1
6

7
 M

a)

Jg
r 

 -
  

Ju
ra

ss
ic

 G
ra

n
it

ic
s

M
ed

iu
m

 t
o

 f
in

e 
g

ra
in

ed
 b

io
ti

te
 q

u
ar

tz
 s

y
en

it
e,

 s
y

en
o

g
ra

n
it

e,
 q

u
ar

tz
 m

o
n

zo
n

it
e,

 a
n

d
 f

in
e 

g
ra

in
ed

 h
y

p
ab

y
ss

al
 e

q
u

iv
al

en
ts

. 
 T

h
e

u
n

it
 e

x
h

ib
it

s 
a 

p
au

ci
ty

 o
f 

q
u

ar
tz

 a
n

d
 s

al
m

o
n

 c
o

lo
r 

o
rt

h
o

cl
as

e 
fe

ld
sp

ar
 i

s 
co

m
m

o
n

. 
T

h
e 

u
n

it
 i

s 
ty

p
ic

al
ly

 n
o

t 
d

u
ct

il
ly

 f
o

li
at

ed
 b

u
t 

d
o

es
 e

x
h

ib
it

 c
o

n
si

d
er

ab
le

 j
o

in
ti

n
g

 a
n

d
 f

ra
ct

u
ri

n
g

 t
h

ro
u

g
h

o
u

t 
su

g
g

es
ti

n
g

 s
o

m
e 

st
re

ss
 a

t 
u

p
p

er
 c

ru
st

al
 l

ev
el

s.
  

 P
en

et
ra

ti
v

e 
ep

id
o
te

se
co

n
d

ar
y

 m
in

er
al

iz
at

io
n

 i
s 

v
er

y
 c

o
m

m
o

n
. 

  
R

el
at

iv
el

y
 s

m
al

l 
to

 v
er

y
 l

ar
g

e 
ro

o
f 

p
en

d
an

ts
 o

f 
o

ld
er

 b
ed

ro
ck

 u
n

it
s 

an
d

 s
il

ls
 a

re
 

co
m

m
o

n
. 

 T
h

is
 i

n
tr

u
si

v
e 

su
it

e 
li

k
el

y
 c

o
rr

el
at

es
 w

el
l 

in
 t

er
m

s 
o

f 
g

en
er

al
 a

g
e,

 t
im

e 
tr

an
sg

re
ss

iv
e 

co
m

p
o

si
ti

o
n

 v
ar

ia
ti

o
n

s 
fr

o
m

 
m

af
ic

 t
o

 m
o

re
 f

el
si

c,
 o

cc
u

re
n

ce
 o

f 
ap

li
te

 d
ik

es
 a

n
d

 e
m

p
la

ce
m

en
t 

at
 r

el
at

iv
el

y
 s

h
al

lo
w

 c
ru

st
al

 d
ep

th
s 

as
 d

es
cr

ib
ed

 b
y

 F
o

x
 a

n
d

 
M

il
le

r,
 1

9
9

0
 e

v
al

u
at

in
g

 s
im

il
ar

 r
o

ck
s 

in
 t

h
e 

so
u

th
er

n
 B

ri
st

o
l,

 s
o

u
th

er
n

 P
ro

v
id

en
ce

 M
o

u
n

ta
in

s 
an

d
 C

o
lt

o
n

 H
il

ls
. 

 T
h

is
 u

n
it

 
in

tr
u

d
ed

 a
n

d
 d

ef
o

rm
ed

 a
ll

 r
el

at
iv

el
y

 o
ld

er
 u

n
it

s 
w

h
ic

h
 h

as
 l

ed
 t

o
 a

 c
h

an
g

e 
in

 s
tr

u
ct

u
re

 a
cr

o
ss

 t
h

e 
F

en
n

er
 G

ap
 b

et
w

ee
n

 
th

e 
re

la
ti

v
el

y
 u

n
in

tr
u

d
ed

 M
ar

b
le

 M
o

u
n

ta
in

s 
an

d
 s

tr
o

n
g

 i
n

tr
u

si
o

n
s 

w
it

h
in

 t
h

e 
S

h
ip

 M
o

u
n

ta
in

s.
 T

h
e 

co
n

ta
ct

 b
et

w
ee

n
 t

h
es

e 
tw

o
 

st
ru

ct
u

ra
l 

te
rr

ai
n

s 
o

cc
u

rs
 w

it
h

in
 F

en
n

er
 G

ap
. A

p
li

te
 d

ik
es

 a
re

 a
ls

o
 c

o
m

m
o

n
 w

it
h

in
 t

h
is

 u
n

it
. 

B
s 

 -
  

P
E

N
N

S
Y

L
V

A
N

IA
N

 T
O

 P
E

R
M

IA
N

 B
IR

D
S

P
R

IN
G

 A
N

D
 O

T
H

E
R

 L
IM

E
S

T
O

N
E

 F
O

R
M

A
T

IO
N

S
 (

L
A

T
E

 P
A

L
E

O
Z

O
IC

)
R

eg
io

n
al

ly
 c

an
 b

e 
4

0
0

0
 f

ee
t 

th
ic

k
. 

 P
er

m
ia

n
 b

as
al

 m
em

b
er

 2
0

 f
ee

t 
th

ic
k

 c
o

n
ta

in
s 

sm
al

l 
b

la
ck

 c
h

er
t 

p
eb

b
le

s 
w

it
h

in
 s

an
d

y
 l

im
es

to
n
e 

(L
S

) 
in

te
rb

ed
s 

w
it

h
 c

ro
ss

 b
ed

s.
  

 A
b

o
u

t 
 7

5
 f

ee
t 

ab
o

v
e 

is
 a

 m
as

si
v

e 
7

0
 f

o
o

t 
li

g
h

t 
g

ra
y

 L
S

. 
 A

s 
a 

u
n

it
 t

h
e 

lo
w

er
 7

5
0

 f
ee

t 
o

f 
b

ed
s 

co
n
si

st
s 

o
f 

d
ar

k
 a

n
d

li
g

h
t 

g
ra

y
 L

S
 i

n
 b

ed
s 

u
p

 t
o

  
1

0
 f

ee
t 

th
ic

k
. 

 P
la

ty
 t

o
 s

h
al

y,
 i

n
 p

ar
tl

y
 s

an
d

y,
 f

o
ss

il
if

er
o

u
s,

 c
h

er
t 

ri
ch

 z
o

n
es

 s
ep

ar
at

e 
so

m
e 

o
f 

th
e 

m
as

si
v

e 
b

ed
s.

 
T

h
e 

u
p

p
er

 1
3

8
0

 f
ee

t 
o

f 
se

ct
io

n
 i

s 
m

ed
iu

m
 t

o
 l

ig
h

t 
g

ra
y,

 s
p

ar
in

g
ly

 f
o

ss
il

if
er

o
u

s 
L

S
 i

n
 b

ed
s 

u
p

 t
o

 5
 f

ee
t 

th
ic

k
. 

 M
in

o
r 

ch
er

t 
an

d
 s

an
d

st
o

n
e

o
cc

u
r.

  
 I

n
cl

u
d

es
 r

o
ck

s 
o

f 
W

o
lf

ca
m

p
 a

n
d

 L
eo

n
ar

d
 a

g
e.

  
B

ir
d

 S
p

ri
n

g
 F

m
. 

ex
is

ts
 i

n
 u

p
p

er
 P

en
n

sy
lv

an
ia

n
 t

o
 l

o
w

er
 P

er
m

ia
n

 s
ec

ti
o

n
.

R
eg

io
n

al
ly

, 
 a

n
 a

d
d

it
io

n
al

 ~
1

6
0

0
 f

ee
t 

o
f 

L
S

 u
n

it
s 

(M
o

n
te

 C
ri

st
o

 &
 S

u
lt

an
 F

m
) 

ex
is

t 
fr

o
m

 D
ev

o
n

ia
n

 t
o

 M
is

si
ss

ip
p

ia
n

. 
M

il
le

r 
et

. 
al

 (
1

9
8

2
) 

in
d

ic
at

e 
th

at
 m

et
am

o
rp

h
o

se
d

 B
ir

d
 S

p
ri

n
g

 c
o

n
ta

in
in

g
 e

ar
ly

 P
en

n
sy

lv
an

ia
n

 c
o

n
o

d
o

n
ts

 a
ls

o
 o

cc
u

rs
 i

n
 t

h
e 

M
ar

b
le

 M
tn

s 
an

d
 a

n
 

u
n

m
et

am
o

rp
h

o
se

d
 s

ec
ti

o
n

 ~
 2

5
0

0
 f

ee
t 

th
ic

k
 (

7
5

0
 m

et
er

s)
 c

ro
p

s 
o

u
t 

in
 t

h
e 

S
h

ip
 M

o
u

n
ta

in
s.

  
M

o
n

te
 C

ri
st

o
 F

o
rm

at
io

n
 o

cc
u

rs
 i

n
 s

o
m

e 
p

la
ce

s 
at

 t
h

e 
b

as
e 

o
f 

th
e 

B
ir

d
 S

p
ri

n
g

 F
o

rm
at

io
n

 -
 v

it
re

o
u

s,
 n

ea
rl

y
 p

u
re

, 
ty

p
ic

al
ly

 m
as

si
v

e 
m

ar
b

le
 w

h
ic

h
 m

ay
 o

cc
u

r 
w

it
h

in
 t

h
e 

n
o

rt
h

er
n

S
h

ip
 M

o
u

n
ta

in
s.

  
 M

ar
b

le
s 

(m
et

am
o

rp
h

o
se

d
) 

as
so

ci
at

ed
 w

it
h

 t
h

e 
S

u
lt

an
 L

im
es

to
n

e 
m

ay
 a

ls
o

 o
cc

u
r 

lo
ca

ll
y

 i
n

 t
h

e 
S

h
ip

 M
o

u
n

ta
in

s 
al

th
o

u
g

h
 

th
is

 h
as

 n
o

t 
b

e 
v

er
if

ie
d

. 
 T

h
e 

B
ir

d
 S

p
ri

n
g

 F
o

rm
at

io
n

 i
n

 t
h

e 
n

o
rt

h
er

n
 S

h
ip

 M
o

u
n

ta
in

s 
is

 a
tt

en
u

at
ed

 d
u

e 
to

 e
m

p
la

ce
m

en
t 

o
f 

u
n

it
 J

g
r.

T
v

 a
n

d
 T

v
i-

  
T

E
R

T
IA

R
Y

 V
O

L
C

A
N

IC
S

 -
 P

E
A

C
H

 S
P

R
IN

G
S

 T
U

F
F

 A
N

D
 B

A
S

A
L

T
 F

L
O

W
S

 (
E

A
R

L
Y

 M
IO

C
E

N
E

 ~
1

7
 M

Y
)

A
n

d
es

it
ic

 o
r 

d
ac

it
ic

 t
u

ff
s 

in
cl

u
d

in
g

 c
ry

st
al

-v
it

ri
c,

 c
ry

st
al

-l
it

h
ic

, 
an

d
 v

it
ri

-l
it

h
ic

 t
y

p
es

. 
 T

v
 a

n
d

 T
v

i 
re

p
re

se
n

t 
v

o
lc

an
ic

 a
n

d
 h

y
p

ab
y

ss
al

 (
co

o
le

d
 

an
d

 c
ry

st
al

iz
ed

-e
m

p
la

ce
d

 n
ea

r 
th

e 
su

rf
ac

e)
 r

o
ck

s.
  

C
o

lo
rs

 r
an

g
e 

fr
o

m
 d

ar
k

 g
ra

y
 t

o
 w

h
it

e 
an

d
 d

ar
k

 t
o

 l
ig

h
t 

re
d

d
is

h
 b

ro
w

n
. 

 P
ar

tl
y

 m
as

si
v

e 
an

d
 

w
el

l 
b

ed
d

ed
. 

 A
n

d
es

it
ic

 a
n

d
 b

as
al

ti
c 

fl
o

w
s 

co
m

p
ri

se
 1

/4
 o

f 
se

ct
io

n
. 

  
L

im
es

to
n

e 
co

b
b

le
s 

o
cc

u
r 

in
 l

o
w

es
tm

em
b

er
 d

er
iv

ed
 f

ro
m

 l
o

ca
l 

b
as

em
en

t 
ex

p
o

su
re

s 
in

 F
en

n
er

 V
al

le
y

 &
 W

il
d

 H
o

rs
e.

  
L

ik
el

y
 1

1
0

0
 t

o
 1

2
0

0
 f

ee
t 

th
ic

k
 l

o
ca

ll
y

 a
n

d
 e

x
h

ib
it

 p
ri

m
ar

il
y

 d
is

ta
l 

tu
ff

s 
an

d
 p

y
ro

cl
as

ti
c 

fl
o

w
s 

in
 t

h
e 

lo
w

er
 m

em
b

er
s 

w
h

ic
h

 t
ra

n
si

ti
o

n
 u

p
 s

ec
ti

o
n

 i
n

to
 p

ri
m

ar
il

y
 m

o
re

 p
ro

x
im

al
 r

h
y

o
li

te
 t

u
ff

s 
an

d
 b

as
al

t 
fl

o
w

s.
  

U
n

it
 T

v
 i

s 
m

ap
p

ed
 s

ep
ar

at
e 

fr
o

m
 u

n
it

 M
f 

(b
el

o
w

) 
h

o
w

ev
er

, 
in

te
rb

ed
d

in
g

 o
f 

T
v

 a
n

d
 M

f 
p

ar
ti

cu
la

rl
y

 i
n

 t
h

e 
u

p
p

er
 m

em
b

er
s 

o
f 

u
n

it
 M

f 
is

 p
o

ss
ib

le
 a

s 
b

o
th

 a
re

 a
ss

o
ci

at
ed

 w
it

h
 s

ta
g

es
 o

f 
M

io
ce

n
e 

ex
te

n
si

o
n

al
 t

ec
to

n
ic

s.
  
T

y
p

e 
se

ct
io

n
 f

o
r 

in
tr

u
si

v
e 

u
n

it
 T

v
i 

o
cc

u
rs

 a
lo

n
g

 F
au

lt
 N

o
. 

1
 i

n
 t

h
e 

F
u

z 
H

il
ls

. 
 C

ru
d

e 
co

rr
el

at
ed

 s
tr

at
ig

ra
p

h
y

 
o

f 
T

v
 e

x
p

o
su

re
s 

in
cl

u
d

es
 l

ay
er

s 
A

 (
v

es
ic

u
la

r 
as

h
 t

u
ff

 2
0

 f
ee

t 
th

ic
k

)/
B

 (
sa

lm
o

n
 c

o
lo

re
d

 t
u

ff
 w

it
h

 b
lu

e 
ir

id
es

en
ce

 s
an

id
in

e 
1

0
 f

ee
t 

th
ic

k
)/

C
 

(v
es

ic
u

la
r 

b
as

al
t 

7
5

 t
o

 1
0

0
’ 

th
ic

k
).

2000 to 4000 feet 2000 feet thick

C
a

  
- 

  
L

O
W

E
R

 C
A

M
B

R
IA

N
 C

A
D

IZ
 F

O
R

M
A

T
IO

N
 (

E
A

R
L

Y
 P

A
L

E
O

Z
O

IC
)

B
u

ff
 a

n
d

 g
ra

y
 m

u
d

d
y

 l
im

es
to

n
e,

 p
u

rp
li

sh
 a

n
d

 r
ed

d
is

h
 p

la
ty

 s
h

al
e,

 g
re

en
is

h
 g

ra
y

 p
la

ty
 s

h
al

e 
an

d
 p

la
ty

 t
o

 m
as

si
v

e 
q

u
ar

tz
it

e.
  

U
n

it
 i

s 
~

3
7

5
 f

ee
t 

th
ic

k
. 

 (
1
1

4
 m

et
er

s)
. 

 C
o

ar
se

 g
ra

in
ed

 m
ar

ls
 e

x
h

ib
it

 d
is

ti
n

ct
iv

e 
h

er
ri

n
g

b
o

n
e 

st
ru

ct
u

re
s.

C
h

  
- 

 L
O

W
E

R
 C

A
M

B
R

IA
N

 C
H

A
M

B
L

E
S

S
 L

IM
E

S
T

O
N

E
 (

E
A

R
L

Y
 P

A
L

E
O

Z
O

IC
)

M
as

si
v

e 
w

ea
th

er
in

g
, 

li
g

h
t 

to
 p

ri
m

ar
il

y
 d

ar
k

 g
ra

y
 l

im
es

to
n

e 
in

 b
ed

s 
1

 t
o

 1
0

 f
ee

t 
th

ic
k

. 
 A

lg
al

 n
o

d
u

le
s 

an
d

 d
is

ti
n

ct
iv

e 
re

d
 

b
lo

tc
h

es
 o

f 
u

n
k

o
w

n
 c

au
se

 o
cc

u
r 

th
ro

u
g

h
o

u
t 

th
e 

u
n

it
. 

 L
o

ca
ll

y
 a

 1
0

 t
o

 1
5

 f
o

o
t 

zo
n

e 
o

f 
p

la
ty

 f
o

ss
il

if
er

o
u

s 
li

m
es

to
n

e 
o

cc
u

rs
 

a 
li

tt
le

 a
b

o
v

e 
th

e 
m

id
d

le
. 

 8
5

 t
o

 1
5

5
 f

ee
t 

th
ic

k
 (

2
6

 t
o

 4
7

 m
et

er
s)

. 
 L

o
ca

ll
y

 m
ay

 b
e 

as
 t

h
ic

k
 a

s 
2

0
0

 f
ee

t.

W
c 

 -
  

L
O

W
E

R
 C

A
M

B
R

IA
N

 W
O

O
D

C
A

N
Y

O
N

 F
O

R
M

A
T

IO
N

 (
P
A

L
E

O
Z

O
IC

)
U

n
it

 d
es

cr
ib

ed
 b

y
 H

az
ar

d
, 

1
9

5
4

) 
as

 F
in

e 
g

ra
in

ed
 d

ar
k

 g
re

en
is

h
 g

ra
y

 s
h

al
y

 t
o

 p
la

ty
 q

u
ar

tz
it

e;
 f

in
e 

g
ra

in
ed

 r
ed

d
is

h
 

b
ro

w
n

 w
ea

th
er

in
g

 w
h

it
e 

q
u

ar
tz

it
e 

in
 b

ed
s 

6
-i

n
ch

es
 t

o
 2

 f
ee

t 
th

ic
k

 t
h

at
 c

an
 b

e 
fr

ia
b

le
 w

it
h

 c
ro

ss
b

ed
d

in
g

 a
n

d
 p

eb
b

le
 l

en
se

s 
(t

h
ic

k
 u

n
it

);
 f

in
e 

g
ra

in
ed

 d
ar

k
 g

re
en

is
h

 g
ra

y
 p

la
ty

 q
u

ar
tz

it
e;

 l
ig

h
t 

g
ra

y
 t

o
 r

ed
d

is
h

 b
ro

w
n

 w
ea

th
er

in
g

 l
im

es
to

n
e,

 l
o

ca
ll

y
 

d
o

lo
m

it
iz

ed
; 

 f
in

e 
g

ra
in

ed
 g

re
en

is
h

 b
la

ck
 s

h
al

y
 q

u
ar

tz
it

e 
w

it
h

 l
o

ca
l 

p
eb

b
le

 l
en

se
s 

o
cc

u
r 

a 
fe

w
 f

ee
t 

ab
o

v
e 

th
e 

b
as

e.
U

n
it

 i
s 

3
0

0
 t

o
 4

2
5

 f
ee

t 
th

ic
k

. 
 U

n
it

 i
s 

d
o

m
in

an
tl

y
 q

u
ar

tz
it

e.
 

U
P

P
E

R
 M

E
M

B
E

R
: 

  
  

 A
lt

er
n

at
in

g
 s

il
ts

to
n

e,
 q

u
ar

tz
it

e 
an

d
 c

ar
b

o
n

at
e 

(F
ed

o
 a

n
d

 C
o

o
p

er
, 

1
9

9
0

)
 

M
ID

D
L

E
 M

E
M

B
E

R
: 

  
D

ar
k

 c
o

lo
re

d
 c

ro
ss

 s
tr

at
if

ie
d

 q
u

ar
tz

it
e

 
L

O
W

E
R

 M
E

M
B

E
R

: 
  

 A
lt

er
n

at
in

g
 s

il
ts

to
n

e,
 q

u
ar

tz
it

e 
an

d
 c

ar
b

o
n

at
e.

L
a

  
- 

 L
O

W
E

R
 C

A
M

B
R

IA
N

 L
A

T
H

A
M

 S
H

A
L

E
 (

E
A

R
L

Y
 P

A
L

E
O

Z
O

IC
) 

- 
C

o
rr

el
at

es
 w

it
h

 B
ri

g
h

t 
A

n
g

el
 S

h
al

e.
 F

o
ss

il
if

er
o

u
s 

g
re

en
is

h
 g

ra
y

 p
la

ty
  

sh
al

e 
w

h
ic

h
 w

ea
th

er
s 

to
 p

la
ty

 a
n

d
 p

ap
er

th
in

 f
ra

g
m

en
ts

. 
 T

h
in

 b
u

ff
 w

ea
th

er
in

g
 s

an
d

y
 l

im
es

to
n

e 
la

y
er

s 
ar

e 
p

re
se

n
t.

  
F

am
o

u
s 

T
ri

lo
b

it
e 

fo
ss

il
 b

ed
s.

  
~

 8
2

 f
ee

t 
th

ic
k

 (
2

5
 m

et
er

s)
. 

 A
ls

o
 r

ef
er

re
d

 t
o

 a
s 

th
e 

C
ar

ra
ra

 F
o

rm
at

io
n

.

Z
a

  
- 

 L
O

W
E

R
 C

A
M

B
R

IA
N

 Z
A

B
R

IS
K

IE
 Q

U
A

R
T

Z
IT

E
 (

P
A

L
E

O
Z

O
IC

) 
-C

o
rr

el
at

es
 w

it
h

 T
ap

ea
ts

 S
an

d
st

o
n

e.
  

M
as

si
v

e 
b

ro
w

n
is

h
 w

ea
th

er
in

g
 w

h
it

e 
 t

o
 g

ra
y

is
h

 w
h

it
e 

q
u

ar
tz

it
e 

w
it

h
 b

ed
s 

2
 -

 6
 f

ee
t 

th
ic

k
. 

U
n

it
 i

s 
5

0
 t

o
 7

5
 f

ee
t 

th
ic

k
.

A
r 

- 
A

R
C

H
E

A
N

 I
G

N
E

O
U

S
 A

N
D

 M
E

T
A

M
O

R
P

H
IC

 C
O

M
P

L
E

X
T

h
is

 u
n

it
 c

o
n

si
st

s 
o

f 
g

ra
n

it
e,

 g
n

ei
ss

, 
an

d
 s

ch
is

t.
  

G
ra

n
it

e 
p

o
rt

io
n

s 
ra

n
g

e 
fr

o
m

 l
eu

co
cr

at
ic

 t
o

 p
al

e 
o

ra
n

g
e.

  
R

el
at

iv
el

y
 l

ar
g

e
p

h
eo

n
o

cr
y

st
s 

o
f 

p
la

g
io

cl
as

e 
d

is
ti

n
g

u
is

h
 t

h
is

 u
n

it
 f

ro
m

 J
g

r.
  

 1
.4

 t
o

 1
.5

 B
.y

. 
in

 t
h

e 
M

ar
b

le
 M

o
u

n
ta

in
s 

(S
il

v
er

 a
n

d
 M

cK
in

n
ey

 1
9

6
3
; 

L
an

p
h

er
e,

 1
9

6
4

).

Er
os

io
n 

Su
rf

ac
e 

(c
or

re
la

te
s 

w
it

h 
th

e 
G

re
at

 U
nc

on
fo

rm
it

y 
in

 th
e 

G
ra

nd
 C

an
yo

n)

B
k

B
s

M
f

T
v

& T
v
i

T
Q

al

Jg
r

Jd
g

       Basin & Range
  Extensional Tectonics

ST
RA

TI
G

TA
PH

IC
 S

EC
TI

O
N

SY
M

BO
L 

D
ES

SC
RI

PT
IO

N
S

67

56 65

St
rik

e 
an

d 
di

p 
of

 b
ed

di
ng

 o
r l

av
a 

flo
w

s

G
en

er
al

iz
ed

 s
tr

ik
e 

an
d 

di
p 

es
tim

at
ed

 fr
om

 fa
r fi

el
d 

or
 G

oo
gl

e 
Ea

rt
h

St
rik

e 
of

 v
er

tic
al

ly
 d

ip
pi

ng
 fo

lia
tio

n 
w

hi
ch

 p
rim

ar
ily

 o
cc

ur
s 

in
 u

ni
t J

dg

St
rik

e 
an

d 
di

p 
of

 fo
lia

tio
n 

w
hi

ch
 p

rim
ar

ily
 o

cc
ur

s 
in

 u
ni

t J
dg

 

St
ik

e 
an

d 
di

p 
of

 fa
ul

t p
la

ne
 m

os
t o

f w
hi

ch
 a

re
 a

ss
oc

ia
te

d 
w

ith
 M

io
ce

ne
ex

te
ns

io
na

l t
ec

to
ni

cs

A
pp

ro
xi

m
at

e 
lo

ca
tio

n 
of

 fa
ul

t. 
 B

al
l i

nd
ic

at
es

 d
ow

n 
di

p 
di

re
ct

io
n;

 s
ol

id
 li

ne
 w

he
re

fa
ul

t i
s 

ex
po

se
d 

at
 th

e 
su

rf
ac

e;
 d

as
he

d 
lin

es
 w

he
re

 c
on

ce
al

ed
 b

y 
yo

un
ge

r t
yp

ic
al

ly
no

n-
off

se
t d

ep
os

its
 (p

rim
ar

ily
 u

ni
t T

Q
al

). 
 T

he
 s

ub
su

rf
ac

e 
lo

ca
tio

ns
 o

f F
au

lts
 N

o.
 1

th
ro

ug
h 

9 
ar

e 
sh

ow
n 

at
 e

va
lu

at
ed

 d
ep

th
s 

of
 u

nf
au

lte
d 

de
po

si
ts

 a
nd

 th
us

 a
re

 s
ho

w
n

at
 th

e 
up

pe
r m

os
t e

xp
os

ur
e 

of
 th

e 
fa

ul
t b

en
ea

th
 u

nf
au

lte
d 

TQ
al

 d
ep

os
its

.

D
et

ac
hm

en
t f

au
lt 

w
he

re
 e

xp
os

ed
 e

ith
er

 a
t t

he
 s

ur
fa

ce
 o

r n
ea

r t
he

 s
ur

fa
ce

 b
en

ea
th

al
lu

vi
m

, t
ic

k 
m

ar
ks

 o
n 

do
w

n 
di

p 
si

de
.  

D
et

ac
hm

en
t f

au
lt 

w
he

re
 p

os
tu

la
te

d 
to

 e
xi

st
 a

t d
ep

th
 a

nd
 is

 e
xp

os
ed

 a
t t

he
 b

as
e 

of
 u

nf
au

lte
d 

un
it 

TQ
al

 .

A
pp

ro
xi

m
at

e 
de

pt
h 

in
 e

le
va

tio
n 

of
 b

as
em

en
t r

oc
k 

be
lo

w
 n

eo
ge

ne
 s

ed
im

en
ts

es
tim

at
ed

 fr
om

 g
ra

vi
ty

 d
at

a 
(C

H
2M

 H
ill

), 
bo

rin
g 

da
ta

, a
nd

 c
ro

ss
 s

ec
tio

ns
.

A
pp

ro
xi

m
at

e 
lo

ca
tio

n 
of

 e
xp

lo
ra

to
ry

 b
or

in
g 

(w
el

l).
 G

en
er

al
iz

ed
 s

tr
at

ig
ra

ph
ic

 s
ec

tio
n 

of
 th

e 
bo

rin
g 

is
 p

ro
vi

de
d 

w
ith

 d
ep

th
s 

be
lo

w
 th

e 
su

rf
ac

e.

A
pp

ro
xi

m
at

e 
lo

ca
tio

n 
of

 c
ro

ss
 s

ec
tio

ns
  1

, 2
, 3

 4
 5

, A
, B

 a
nd

 C
.

A
pp

ro
xi

m
at

e 
lo

ca
tio

n 
of

 s
yn

fo
rm

 a
nd

 a
nt

ifo
rm

 s
tr

uc
tu

re
 p

ro
du

ce
d 

du
rin

g 
em

pl
ac

em
en

t o
f J

ur
as

si
c 

in
tr

us
tio

ns
 (u

ni
ts

 Jd
g 

an
d 

Jg
r)

.  
 T

he
 s

yn
fo

rm
 re

su
lte

d
fr

om
 s

he
ar

in
g 

al
on

g 
th

e 
co

nt
ac

t w
ith

 u
ni

t J
dg

 d
ur

in
g 

em
pl

ac
em

en
t a

nd
 th

e
an

tif
or

m
 a

ss
oc

ia
te

d 
w

ith
 re

la
tiv

el
y 

la
rg

e 
vo

lu
m

es
 o

f J
gr

 in
tr

us
io

n.
  T

he
 fo

ld
in

g 
in

vo
lv

es
 a

ll 
un

its
 o

ld
er

 th
an

 m
id

-M
es

oz
oi

c.
  P

in
k 

lin
e 

is
 s

ol
id

 w
he

re
 fo

ld
 is

 e
xp

os
ed

 
on

 th
e 

su
rf

ac
e 

an
d 

da
sh

ed
 w

he
re

 c
on

ce
al

ed
 b

y 
un

fo
ld

ed
 T

er
tia

ry
 s

ed
im

en
ts

.

5
5’

TW
-3

TQ
al

95
0’

depth 16
40

’

Fa
ul

t N
o.

 2

20
00

’
A

r/
Jg

r-
A

r/
m

yl
on

ite
(c

lo
se

 to
de

ta
tc

hm
en

t
fa

ul
t?

)

0’

M
f

Ca
/C

h
/L

a/
Za

-1
00

0’
 E

le
v.

Fa
ul

t
N

o.
9

K
g

r

K
g

r 
- 

C
R

E
T

A
C

E
O

U
S

 L
E

U
C

O
C

R
A

T
IC

 G
R

A
N

IT
E

L
eu

co
cr

at
ic

 g
ra

n
it

e 
(L

at
e 

C
re

ta
ce

o
u

s 
?)

. 
 F

in
e 

to
 c

o
ar

se
 g

ra
in

ed
 2

-m
ic

a 
g

ra
n

it
e.

  
Z

o
n

es
 o

f 
w

ea
k

 m
y

lo
n

it
ic

 t
ex

tu
re

 w
h

er
e 

in
 c

lo
se

 p
ro

x
im

it
y

 
to

 d
et

ac
h

m
en

t 
fa

u
lt

 t
o

 n
o

n
 f

o
li

at
ed

. 
 U

n
it

 o
n

ly
 i

d
en

ti
fi

ed
 i

n
 h

an
g

in
g

 w
al

l 
ro

ck
s 

w
h

er
e 

d
et

ac
h

m
en

t 
fa

u
lt

 i
s 

ex
p

o
se

d
 o

n
 t

h
e 

su
rf

ac
e 

in
 t

h
e 

n
o

rt
h

ea
st

er
n

 S
h

ip
 M

o
u

n
ta

in
s.

  
U

n
it

 m
ay

 c
o

rr
el

at
e 

to
 l

eu
co

cr
at

ic
 2

-m
ic

a 
g

ra
n

it
es

 i
n

 t
h

e 
O

ld
 W

o
m

an
 M

o
u

n
ta

in
s 

d
es

cr
ib

ed
 b

y
 H

o
w

ar
d

, 
2

0
0

2
an

d
 H

o
w

ar
d

 e
t 

al
, 

1
9

8
9

 (
u

n
it

s 
K

l 
an

d
 K

m
g

),
  

an
d

 K
ar

ls
tr

o
m

 e
t 

al
.,

 1
9

9
3

.

U
n
co

m
fo

rm
it

y

U
n
co

m
fo

rm
it

y
L

O
W

E
R

 C
A

M
B

R
IA

N
 S

E
D

IM
E

N
T

A
R

Y
 S

U
IT

E

M
W

-1

M
W

-3

M
W

-2

M
W

-6



CROSS SECTION 2-2’ 
FENNER GAP

Kenney GeoScience

GEOLOGIC CROSS SECTIONS 1, 2, 3, 4, & 5
ACROSS THE FENNER GAP BETWEEN THE
    SOUTHERN MARBLE MOUNTAINS
              AND SHIP MOUNTAINS

Plate 3

08/2011

JN 716-10

MDKContructed by M.D. Kenney PhD, PG

CADIZ GROUNDWATER STORAGE PROJECT

1 1’

Fault #3 may have initially been a low
angle upper plate listric fault that 
developed into a normal-left lateral 
oblique fault that could have offset
the original detachment fault.
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(thinned).

Represents potential and approximate
thickness of strongly fractured rock
associated with hanging wall (upper plate)
fault deformation (cataclatistic brittle-
upper crust).   However, all the rocks
above the detatchment fault are
relatively strongly fractured.  Most
bedrock units older than Mf are strongly
fractured where observed on the 
surface.
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surface.
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Qoaf2

CROSS SECTION 4-4’ 
FENNER GAP

0

-1000

1000

2000

-2000

El
ev

at
io

n 
(re

la
tiv

e 
to

 m
ea

n 
se

a 
le

ve
l -

 fe
et

)

0

-1000

1000

2000

Elevation (relative to m
ean sea level - feet)

-2000

Fault 
  #5

Fault
 #6

Fault 
  #4

Fault 
  #3

Fault 
  #2

Fault 
  #1

Fault
  #7

4

     MARBLE
 MOUNTAINS

4’

Approximate location of antiform
      produced by Jgr intrusion

SHIP MOUNTAINS

Fuz Hills

N63W
View to the NE

A-A’ B-B’ C-C’

Ca

Bk

Bk

Bk
Bk Bk

Ar

Ar

Ch

Ch

Ca

Wc

La
Za

LaZa Tv
Tv

Likely
Bkl

Wc

Qadf

Qoadf

Qal

Qoal

Possible
    Mf

Playa + distal
fluvial fan 
deposits

Qaf
Qoaf1 Qoaf2

Bk
Ca

Wc Ch

Wc

Wc

Ca

Ch Za

Volcanic
clast
layer

Mf-breccia
clasts of Jgr,
Ch, La, Za, Wc

White banded
marble clasts
of Bird Spring
Formation

Cross Fault
    CF-A

Mf

Jdg

Jgr-Ar
Jgr-Ar

Jgr

Bk

Bs pendant
(exists just
south of section
line)

b

b b

Strongly fractured
and deformed Bk.
Overturned in a
few places

Jgr 
dikes

Amount of Tv offset across
faults #4, 5 and 6 is unknown
and may be less than older
units, and it is possible
that Tv is not offset by
these faults but instead
more northerly younger
cross faults similar to 
faults CF-A through CF-L

TW-1 TW-3

Jdg, Ar, and minor
mylonitic fabric
near base of 
TW-1

Close to sill elevation 
(bedrock high)
for Fenner Valley
into Cadiz Valley

Ar

Detachment 
Fault

       LOWER PLATE ROCKS
    OF UNKNOWN AFFINITY 
(Footwall to detachment fault)

CROSS SECTION 5-5’ 
FENNER GAP

5 5’

View to the NE

N52W

0

-1000

1000

2000

-2000

El
ev

at
io

n 
(re

la
tiv

e 
to

 m
ea

n 
se

a 
le

ve
l -

 fe
et

)

0

-1000

1000

2000

Elevation (relative to m
ean sea level - feet)

-2000

Fault 
  #5

Fault 
  #4

Fault 
  #3

Fault 
  #2

Fault 
  #1

SHIP MOUNTAINS

A-A’ B-B’ C-C’

~ Cadiz Inc. Property

Detachment 
Fault

Playa and
distal alluvial
sands

Qadf

Qoadf

Qoaf2
Qoaf3

Bs
Mf Bs

Mf

Bkl
Ca

Ch

Qal

Qoal

Qaf

Qoaf1

Valley axis
sediments

Bk

Bkm

Bku

Bkl

Jdg
Jdg

Jgr-Ar
Ar

Jgr

Jgr

Bk Bs BsWc

Za La Ca

Strongly attenuated Paleozoic
sedimentary section.  Sulton and/or
Monte Cristo limestones may
occur near base of unit Bs

Possible Bs

Wc

Ar

Wc - metamorphosed,
attenuated.  basal
pebble conglomerate
8” thick and ~1’ above
basal contact with Ar

JAGGAR HILLS

MT. BONANZA

Bs

Za
Ca

Jgr-Ar

Region of Paleozoic
roof pendants and
very large blocks
of Paleozoic units
in hanging wall
of Fault. No.1

Ar

Ar

La + Za

Ch

Jdg

Bedorock (Jgr-Ar) in CH-5 is
strongly fractured, exhibits
numerous breccia-gouge
zones which dip between 37 
43 degrees.

Jdg

Jdg

Proposed Detachment Fault

       LOWER PLATE ROCKS
    OF UNKNOWN AFFINITY 
(Footwall to detachment fault)
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oblique motion on faults
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extensional faulting when
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degrees deeper in the
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deposition during
normal faulting
on Fault No.2

Fault Zone Gouge:  Based on 
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This area may be more
deformed by Jurrasic
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Pediment erosion
surface in the area
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Note:  Cross Sections aligned along Fault No.1 

Cross section evaluation based on geologic field work conducted from September 2010 throuth April 2011.

TW-2B

TW-2

Caving at 1040’

       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)

       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)

       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)

       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)

       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)

20
00

 to
 4

00
0 

fe
et

2
0
0
0
 f

ee
t 

th
ic

k

  
  
  
 B

as
in

 &
 R

an
g
e

  
E

x
te

n
si

o
n
al

 T
ec

to
n
ic

s

TQal  -  TERTIARY TO QUATERNARY ALLUVIUM (Neogene deposits)
 Subunits: Qal, Qoal, Qadf, Qoadf, Qoaf1, Qoaf2 and Qoaf3.
  

Mf  -   MIOCENE FANGLOMERATES

Bk  -   MIDDLE CAMBRIAN BONANZA KING  DOLOMITE 
           (EARLY PALEOZOIC)

 Bku:  UPPER MEMBER:  
                        200 - 250 feet thick  

 Bkm: MIDDLE MEMBER - SILVER KING DOLOMITE: 
          200 to 250 feet thick 

 Bkl:   LOWER MEMBER:  
                        1500 - 1800 feet thick

JURASSIC IGNEOUS AND METAMORPHIC SUITE 
 (U-Pb  ~167 Ma)

     Jgr     Jurassic Granitics

     Jdg     Jurassic Dioritic Gneiss

     Jgr-Ar      JurasSic Granitics - Archean Complex.

Bs  -  PENNSYLVANIAN TO PERMIAN BIRDSPRING AND 
         OTHER LIMESTONE FORMATIONS (LATE PALEOZOIC)
.

Tv and Tvi-  TERTIARY VOLCANICS - PEACH SPRINGS TUFF 
                     AND BASALT FLOWS (EARLY MIOCENE ~17 MY)

Ca  -   LOWER CAMBRIAN CADIZ FORMATION 

Ch  -  LOWER CAMBRIAN CHAMBLESS LIMESTONE

Wc  -  LOWER CAMBRIAN WOODCANYON FORMATION

La  -  LOWER CAMBRIAN LATHAM SHALE  

Za  -  LOWER CAMBRIAN ZABRISKIE QUARTZITE

Ar - ARCHEAN IGNEOUS AND METAMORPHIC COMPLEX
 (locally these rocks are Proterozoic).
.

Kgr - CRETACEOUS LEUCOCRATIC GRANITE
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       LOWER PLATE ROCKS
     OF UNKNOW AFFINITY 
BUT LIKELY MYLONITES IN UPPER
         FEW HUNDRED FEET
(Footwall to detachment fault)
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TQal  -  TERTIARY TO QUATERNARY ALLUVIUM (Neogene deposits)
 Subunits: Qal, Qoal, Qadf, Qoadf, Qoaf1, Qoaf2 and Qoaf3.
  

Mf  -   MIOCENE FANGLOMERATES

Bk  -   MIDDLE CAMBRIAN BONANZA KING  DOLOMITE 
           (EARLY PALEOZOIC)

 Bku:  UPPER MEMBER:  
                        200 - 250 feet thick  

 Bkm: MIDDLE MEMBER - SILVER KING DOLOMITE: 
          200 to 250 feet thick 

 Bkl:   LOWER MEMBER:  
                        1500 - 1800 feet thick

JURASSIC IGNEOUS AND METAMORPHIC SUITE 
 (U-Pb ~ 167 Ma)

     Jgr  Jurassic Granitics

     Jdg  Jurassic Dioritic Gneiss

     Jgr-Ar Jurassic Granitics - Archean Complex.

Bs  -  PENNSYLVANIAN TO PERMIAN BIRD SPRING AND 
         OTHER LIMESTONE FORMATIONS (LATE PALEOZOIC)
.

Tv and Tvi-  TERTIARY VOLCANICS - PEACH SPRINGS TUFF 
                      AND BASALT FLOWS (EARLY MIOCENE ~17 MY)

Ca  -   LOWER CAMBRIAN CADIZ FORMATION 

Ch  -  LOWER CAMBRIAN CHAMBLESS LIMESTONE

Wc  -  LOWER CAMBRIAN WOODCANYON FORMATION

La  -  LOWER CAMBRIAN LATHAM SHALE  

Za  -  LOWER CAMBRIAN ZABRISKIE QUARTZITE

Ar - ARCHEAN IGNEOUS AND METAMORPHIC COMPLEX
 (locally these rocks are Proterozoic).
.

Kgr - CRETACEOUS LEUCOCRATIC GRANITE
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STRATIGRAPHIC SECTION

Notes: 

Cross sections alinged along the intersection of Cross Section 1-1’.
Cross section evaluation based on geologic field work conducted from September 2010 throuth April 2011.

Brecciated and fractured zones are similar in thickness and structural position relative to faults as shown 
on Cross Sections 1 thgrough 5 on Plate 3. 
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SITE LOCATION OF NAMES OF AREA 

The study area as shown on Plate 1 represents an area encompassing the southern Marble Mountains, 

southeastern Fenner Valley and the western to northern Ship Mountains, in San Bernardino County, 

California.  This region is located approximately 17 miles east of Amboy, San Bernardino County, 

California and a couple of miles south of the Interstate Highway 66.  The Fenner Gap is defined as the 

valley approximately 2.6 miles wide located at the southwestern end of the Fenner Valley between the 

southern tip of the Marble Mountains and the northwestern most bedrock exposures of the Ship 

Mountains.  The approximate center of the Fenner Gap is located at Latitude 34 31.2N and Longitude 115 

26.7W.    

 

Figure A1 below shows the general region of the study area (similar to the geologic map of Plate 2), the 

Fenner Gap, and a number of designated areas discussed in this report.  Names of the designated areas 

were applied to some bedrock inselbergs (bedrock exposures surrounded by young alluvium) for 

discussion purposes.  These include Bird Spring Hills, Fuz Hills, Mt. Bonanza, Jaggar Hills, northern 

volcanic terrain, and the northeastern volcanic terrain.  These areas are also shown on a geologic map 

(Plate 2) and cross sections (Plates 3 and 4) of this report. 

 

Figure A1:  Shows the general study area, the Fenner Gap, the southern end of the Fenner Valley, the Marble and 

Ship Mountains, and designated names for geologic terrains discussed within this report. 
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LOCAL STRATIGRAPHY AND GEOLOGIC UNIT DESCRIPTIONS 

Geologic rock and sedimentary units within the study area range in age from Proterozoic (1.4 billion 

years) to Historical.  Rock types include igneous intrusive and extrusive, metamorphic, metasedimentary 

(weakly metamorphosed rocks that retain some original sedimentary structures, which include marble, 

dolomite, marls, quartzites, and slates), alluvial fan, debris flows, fanglomerates, and lacustrine.   Figure 

A2 below provides the correlation of map units in terms of when the units were created. 

 

Figure A2:  Correlation of mapped units. 

 

 

 

 

 

 

Geologic units identified within the study area are described below from youngest to oldest. 
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TQal  -  TERTIARY TO QUATERNARY ALLUVIUM (Neogene deposits) 

Primarily composed of silty sand and gravels deposited by fluvial processes post early Miocene Basin and 

Range extension.  By definition within this report, TQal exhibits horizontal to nearly horizontal bedding 

(2 to 3 degree dips typical of alluvial fans), a paucity of fractures or joints, and thus is relatively 

undeformed, suggesting it post dates Miocene extensional tectonics.  However, at depth, unit TQal could 

and likely is comformable with underlying unit Mf in some places.  TQal exhibits fine beds of silty fine to 

medium sand, some thin silt beds, and occasional carbonate zones that likely represent paleosols or 

conglomerate layers with post depositional groundwater flow.  Conglomerate members contain local 

clasts (volcanics, carbonates, and igneous plutonic).  This unit has been subdivided into various alluvial 

units based on relative age and depositional environment (Qal, Qadf, Qoaf1, Qoaf2 and Qoaf3).  Unit Qal 

represents valley axis sediments from distal sources.  There is a general coarsening from unit Qal to unit 

Qoaf, which is primarily associated with sediment transport distances and climate. 

Tv and Tvi-  TERTIARY VOLCANICS - PEACH SPRINGS TUFF AND BASALT FLOWS (EARLY 

MIOCENE ~17 MY) 

Andesitic or dacitic tuffs including crystal-vitric, crystal-lithic, and vitri-lithic types.  Tv and Tvi 

represent volcanic and hypabyssal (cooled and crystalized-emplaced near the surface) rocks.  Colors 

range from dark gray to white and dark to light reddish brown.  Various members are massive to well 

bedded and andesitic and basaltic flows comprise 1/4 of section.  Limestone cobbles occur in the lowest 

member, and are derived from local basement exposures in Fenner Valley amd Wild Horse.  Likely 1,100 

to 1,200 feet thick locally and exhibit primarily distal tuffs and pyroclastic flows in the lower members 

which transition up section into primarily more proximal rhyolite tuffs and basalt flows.  Unit Tv is 

mapped separate from unit Mf (below); however, interbedding of Tv and Mf particularly in the upper 

members of unit Mf is possible as both are associated with stages of Miocene extensional tectonics.  Type 

section for intrusive unit Tvi occurs along Fault No. 1 in the Fuz Hills, and small isolated outcrops in the 

southern Birds Spring Hills.  Crudely correlated stratigraphy of Tv exposures from youngest to oldest 

includes layers A (vesicular ash tuff 20 feet thick), B (salmon colored tuff with blue iridescence sanidine 

10 feet thick), C (vesicular basalt 75 to 100’ thick). 

Mf  -   MIOCENE FANGLOMERATES 

This unit represents a coarsening upward sequence of sediments composed of (from base of units to upper 

members): (1) well bedded silty fine to medium sands and possible igneous tuffs (base of unit), (2) to well 

bedded gravely sands with exotic well rounded clasts, (3) to cobble conglomerate with rounded exotic and 

subangular to angular local clasts, and (4) to conglomerate-breccia composed of local mylonitic or other 

local subangular to angular clasts (upper members).  The unit generally dips between 10 to 30 degrees to 

the east-northeast, is fractured, very dense, and well cemented.  Relatively older members are tilted more 

than younger members suggesting syntectonic rotation during deposition.  Mf is interpreted to represent 

deposition and deformation associated with local Basin and Range extensional tectonics during the early 

Miocene; however, basal members exposed in the northeastern Ship Mountains exhibit fluvial deposits 

with exotic clasts indicating possible deposition prior to local Miocene extension. Minor volcanic layers 

were identified in the lower and upper most members of unit Mf and volcanic clasts were identified at the 

base of unit Mf in some cores.  This suggests some volcanism in the region during deposition of the unit; 
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however, based on thick volcanic deposits in the northeastern terrain, most volcanics were likely 

deposited locally after deposition of Mf.  Unit Mf may be conformable with overlying members of unit 

TQal. 

Kgr - CRETACEOUS LEUCOCRATIC GRANITE 

Leucocratic fine to medium coarse grained biotite-muscovite (2-mica) granite to possibly tonalite.  Unit 

exhibits zones of moderately strong mylonitic texture where in close proximity to the detachment fault, to 

non-foliated in other small outcrops within a few hundred feet of the mylonitic zones.  Mylonite members 

of unit Kgr exhibit a paucity of micas. Relatively unfoliated Kgr injections exist subparallel and cross 

cutting the mylonitic fabric, indicating that unit Kgr is relatively younger than the more mafic mylonite 

deformation.  It is possible that unit Kgr represents a series of injections exhibiting various levels of 

deformation that may correlate and/or post date with the age of the mylonitic fabric.  Unit identified in 

apparently the hanging wall rocks of the detachment fault (upper plate) in the northern Ship Mountains; 

however, unidentified high angle faults could have moved Kgr from an underplate position to the surface 

in the area of the exposed detachment fault.  It should be pointed out that the age of the mylonite 

identified within the detachment fault is also unknown.  Based on other regional mylonites, they are likely 

in the range of middle Mesozoic to mid-Tertiary (Miocene) in age. 

Leucocratic igneous rocks identified within some borings in Fenner Gap may correlate to unit Kgr, 

however units Jgr and Ar both contain some leucocratic members.  Unit may correlate to Cretacous age 

leucocratic (2-mica) granites in the Old Woman Mountains described by Howard, (2002), Horringa, et al., 

(1989; units Kl and Kmg), and Karlstrom et al., (1993), which is the primary reason this unit was 

designated as Cretaceous within this report. 

JURASSIC IGNEOUS AND METAMORPHIC SUITE (U-Pb  ~167 Ma) 

This unit has been subdivided into three members: Jgr, Jdg, and Jgr-Ar. The Jurassic Igneous and 

Metamorphic Suite is considered part of the Eastern Plutonic Belt by Powell (1993). 

Jgr  -  Jurassic Granitics 

Medium to fine grained biotite quartz syenite, syenogranite, quartz monzonite, and fine grained 

hypabyssal equivalents.  The unit commonly exhibits dark salmon colored orthoclase feldspar and a 

paucity of quartz. The unit is typically not ductilly foliated, but does exhibit considerable jointing and 

fracturing throughout, suggesting some stress at upper crustal levels.   Penetrative epidote secondary 

mineralization is very common.  Relatively small to very large roof pendants of older bedrock units and 

sills are common.  This intrusive suite likely correlates well in terms of general age, time transgressive 

composition variations from mafic to more felsic, occurrence of aplite dikes and emplacement at 

relatively shallow crustal depths as described by Fox and Miller (1990) evaluating similar rocks in the 

southern Bristol, southern Providence Mountains and Colton Hills.  This unit intruded and deformed all 

relatively older units, which has led to a change in structure across the Fenner Gap between the relatively 

un-intruded Marble Mountains and strong intrusions within the Ship Mountains.  The contact between 

these two structural terrains occurs within Fenner Gap.  Aplite dikes are also common within this unit. 
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Jdg  -  Jurassic Dioritic Gneiss 

This unit represents dioritic intrusives that includes zones of a banded gneiss with minor zones exhibiting 

weak mylonitic fabric.  The unit is primarily dioritic but also contains felsic zones.  Intercalated zones of 

lower Cambrian units, particularly Wood Canyon and possibly Zabriskie Quartzite, occur within the unit, 

indicating that Jdg is not pre-Cambrian in age.  Foliation of the unit likely occurred during emplacement 

into the Archean Igneous and Metamorphic Suite and lower Cambrian stratigraphic units described 

below.  Foliation is nearly vertical and strikes generally east-west.  Fine grained aplite dikes and aphanitic 

rhyolitic injections parallel to the gneiss foliation occur.  This newly discovered unit, which was mapped 

as Pre-Cambrian by earlier studies is considered here to represent part of the Jurassic igneous suite of 

rocks associated with early stages of emplacement of unit Jgr.  Secondary epidote is common, but cannot 

rule out magmatic crystallization.  Aphanitic dikes parallel to foliation are consistent with upper crustal 

emplacement similar to unit Jgr.  Based on current mapping data, unit Jdg may have been emplaced as a 

tabular body trending approximately east west through the Fenner Gap, then later intrusions associated 

with unit Jgr primarily occurred south of the Jdg tabular body with unit Jdg representing the northern 

boundary of unit Jgr.  Within this model considerable shearing occurred within unit Jdg as magma 

associated with uint Jgr was emplaced causing vertical uplift and formation of an antiformal structure to 

pre-existing rocks.  This unit may correlate with unit Jqd of Howard et al. (1989) identified in the 

northern Kilbeck Hills. 

Jgr-Ar  - Jurassic Granitics - Archean Complex 

This unit represents regions where Jurassic plutonism (primarily Jgr) intruded into pre-existing Archean 

Igneous and Metamorphic Complex (Ar) and Paleozoic meta-sedimentary rocks (Wc, Za, La, Ch, Ca, Bk, 

and Bs), producing numerous roof pendants.  This unit exhibits various degrees of foliation and contacts 

are gradational with units Jgr and Jdg. 

Bs  - PENNSYLVANIAN TO PERMIAN BIRD SPRING AND OTHER LIMESTONE FORMATIONS 

(LATE PALEOZOIC) 

The Bird Spring Formation occurs regionally across the southwestern United States; thickness can exceed 

4,000 feet thick.  Locally, the formation consists of, and in decreasing order of abundance: marbles 

(metamorphosed limestone-carbonates), quartzites, marls, and minor slates.   The interbeds of quartzites, 

and chert bearing carbonate layers are distinct compared to other carbonate rocks in the study area.  

Regional published descriptions of the Bird Spring Formation indicate a Permian basal member 20 feet 

thick, that contains small black chert pebbles within cross bedded sandy limestone interbeds; however, 

this member was not observed in the study area.  Platy to shaly and part sandy, fossiliferous, chert rich 

zones separate some of the massive beds.  The upper 1,380 feet of section is medium to light gray, 

sparingly fossiliferous limestone in beds up to five feet thick.  Minor chert and sandstone (quartzite) 

occur.   Includes rocks of Wolfcamp and Leonard age.  Bird Spring Fm. exists in upper Pennsylvanian to 

lower Permian section.  Regionally, an additional ~1,600 feet of limestone units (Monte Cristo & Sultan 

Fm) exist from Devonian to Mississippian. Miller et al. (1982) indicate that metamorphosed Bird Spring 

containing early Pennsylvanian conodonts also occurs in the Marble Mountains and an unmetamorphosed 

section ~ 2,500 feet thick crops out in the Ship Mountains.  This exposure is within the herein referred to 

Bird Spring Hills.  The lowest most and upper most members are not locally exposed in the Bird Spring 
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Hills; however, the contact between Pennsylvanian and Permian age rocks within the formation is.   The 

Monte Cristo Formation occurs in some places at the base of the Bird Spring Formation - vitreous, nearly 

pure, typically massive marble, which may occur within the northern Ship Mountains.  Marbles 

(metamorphosed) associated with the Sultan Limestone may also occur locally in the Ship Mountains, 

although this has not been verified.  The Bird Spring Formation in the northern Ship Mountains is 

attenuated due to emplacement of unit Jgr. 

The formation exhibits a high density of fractures and small to relatively large vugs. 

Figure A3:  Image of the Bird Spring Hills indicating the location of the general stratigraphic section shown on 

Figure A4. 
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Figure A4: Generalized stratigraphic section within exposures of the Bird Spring Formation in the Bird Spring 

Hills. Section is not to scale; however, the general relative thicknesses of the units is shown. 
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Bk  -   MIDDLE CAMBRIAN BONANZA KING  DOLOMITE (EARLY PALEOZOIC) 

The middle Cambrian age Bonanza King Dolomite is a regionally occurring formation across the 

southwestern United States, and is approximately 2,000 feet thick.  The formation is dominated by very 

dark to light gray dolomite and minor marble exhibiting bedding of three to 20 feet thick.   Minor 

interbedded chert layers occur in some members, and mottling of light and dark patterns are common, 

some of which are likely associated with worm borrows.  The unit has locally been mapped as containing 

upper, middle and lower members, which are briefly described below.  Some members, but in particular 

the lower member of this formation, exhibit a dense network of fractures filled with re-crystallized white 

carbonate.   

Bku:   UPPER MEMBER:  Light creamy gray dolomite, 200 to 250 feet thick:   

Bkm: MIDDLE MEMBER - SILVER KING DOLOMITE:  Very dark smoky gray to nearly black 

dolomite, 200 to 250 feet thick.  

Bkl:    LOWER MEMBER:  Dark smoky gray dolomite and partially dolomitized limestone, locally 

cherty and sandy.  Intraformational pebble and cobble conglomerates occur.   This member is 

approximately 1500 to 1800 feet thick with individual beds 3 to 6 feet thick. 

The Bonanza King Dolomite is well exposed in the southern Marble Mountains, and in the Fuz Hills, and 

the Mt. Bonanza inselberg in the northern Ship Mountains. The formation exhibits a high density of 

fractures and abundant small to relatively large dissolution vugs (i.e. karst features). 

LOWER CAMBRIAN SEDIMENTARY SUITE (EARLY PALEOZOIC) 

The lower Cambrian sedimentary suite consists of metasedimentary to sedimentary rocks of the Cadiz 

Formation (Ca), Chambless Limestone (Ch), Latham Shale (La), Zabriskie Quartzite (Za) and Wood 

Canyon Formation (W).  In total, this package of lower Cambrian rocks is approximately 1,100 feet thick.  

These formations are described in more detail below from youngest to oldest. 

Ca  -  Cadiz Formation 

Buff and gray muddy limestone, purplish, and reddish platy shale, greenish gray to reddish brown platy 

shale, and platy to massive quartzite.  The unit exhibits distinctive one to 10 foot thick beds of alternating 

green and reddish brown shales and slates in addition to coarse-grained, cross-bedded (herringbone) 

marls.  The formation is generally about 375 feet thick.  Some platy shales appear to be similar to the 

paper-thin platy structures of the Latham Shale. 
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Figure A5:  Image of the southern Marble Mountains indicating the location of the general stratigraphic section 

of the Cadiz Formation as shown on Figure A6.  This portion of the Cadiz Formation represents approximately 

the lower have of the unit that stratigraphically overlies the Chambless Limestone; however, the upper members 

of the Cadiz Formation are very similar to those described in the stratigraphic section of Figure A6. 
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Figure A6: Generalized stratigraphic section within exposures of the lower members of the Cadiz Formation in 

the southern Marble Mountains.  Based on field mapping, the upper section of the Cadiz Formation consists of 

similar stratigraphy.  Section is not to scale; however, the general relative thicknesses of the units is shown. 
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Ch – Chambless Limestone 

The Chambless Limestone is primarily dark gray and occurs in beds one to 10 feet thick.  Locally, the 

unit is 85 to 155 feet thick but may be up to 200 feet thick.  Algal nodules and distinctive red blotches of 

an unknown cause occur throughout the unit.  The Chambless Limestone is highly fractured and exhibits 

vugs.  

La  -  Latham Shale  

The Latham Shale consists of fossiliferous, greenish gray, platy shale that weather to platy and paper-thin 

fragments.  The formation is approximately 82 feet thick in the southern Marble Mountains, and contains 

abundant trilobite fossil beds.  The Latham Shale correlates with both the Bright Angel Shale at the base 

of the Grand Canyon and the Carrara Formation. 

Za  -  Zabriskie Quartzite 

The Zabriskie Quartzite ranges between 50 to 75 feet thick and consists of an upper member of fine-

grained, gray, cross-bedded quartzite similar to members of the Wood Canyon Formation, and a lower 

member consisting of very fine grained, massive, white quartzite exhibiting distinctive small red specks.  

Individual beds within the unit are generally two to six feet thick.   

Wc  -  Wood Canyon Formation 

The Wood Canyon Formation is locally between 300 to 425 feet thick, and consists of: fine grained, dark 

greenish gray, shaly to platy quartzite; fine grained reddish brown weathering to white quartzite in beds 

six inches to two feet thick that can be friable with cross-bedding and pebble lenses (thick unit); fine 

grained, dark greenish gray, platy quartzite; minor light gray to reddish brown weathering limestone, 

locally dolomitized; fine grained, greenish black shaly quartzite with local pebble lenses occur a few feet 

above the base.   The unit in the southern Marble Mountains is dominated by light and dark gray, banded 

(cross-bedded), fine-grained quartzite that appears to be locally very similar to the upper member of the 

Zabriskie Quartzite locally.  A 20-foot thick, platy siltstone exhibiting alternating gray and reddish brown 

layers occurs at the top of the unit and just beneath the lower white member of the Zabriskie Quartzite 

which assists in identifying their point of contact.   Approximately 10 feet above the base of the Wood 

Canyon Formation occurs a very distinctive six to 10-foot thick cobble member.  The cobbles are well 

rounded and abundant.  The cobble member was identified in the Jaggar Hills in the northern Ship 

Mountains where it was only eight inches thick and one foot above the contact with underlying Jurassic 

dioritic gneiss (Jdg).  This observation provides evidence that unit Jdg deformed the Wood Canyon 

Formation during emplacement and thus, is a distinctly younger unit.  In addition, the relative changes in 

thickness of the Wood Canyon Formation across Fenner Gap indicates that the unit had been attenuated 

(thinned) approximately 90% in some areas within the northwestern Ship Mountains, and that it resulted 

from emplacement of the Jurassic Igneous and Metamorphic Suite. 
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Figure A7: Image of the southern Marble Mountains indicating the location of the general stratigraphic section 

of the Wood Canyon Formation as shown on Figure A8.  
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Figure A8: Generalized stratigraphic section of the Wood Canyon Formation in the southern Marble Mountains. 

Section is not to scale; however, the general relative thicknesses of the units is shown. 
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Ar - ARCHEAN IGNEOUS AND METAMORPHIC COMPLEX 

Regionally, this unit consists of granite, gneiss, and schist; however, locally it is dominated by very 

coarse grained, leucocratic to pale orange granite.  The unit exhibits large pheonocrysts of plagioclase, 

and lacks penetrative epidote secondary (diagenesis) mineralization.  Although the unit has been mapped 

in this study as Archean (to maintain Hazzard and Mason, 1936 original nomenclature), the unit is 

actually Proterozoic (1.4 to 1.5 billion years old in the Marble Mountains, Silver and McKinney 1963; 

Lanphere, 1964).  In most places, the Ar unit is moderately grussified, possibly by expansion along biotite 

cleavages, which causes the unit to weather to “decomposed granite” (DG) on the surface (very coarse 
sand).   
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PHOTOGRAPHS OF SITE GEOLOGIC UNITS AND SETTING 

This section contains field and sample photographs of geologic units (from youngest to oldest): Tv, Mf, 

Kgr, Jgr, Jdg, Bs, Bk, Ca, Ch, La, Za, Wc and Ar.  An attempt was made to show photographs 

demonstrating distinguishing characteristics of each unit that assist in their identification in both the field 

and borings. 
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LOCATION AND PHOTOGRAPHS OF VUGS WITHIN CARBONATES 

This section provides selected photographs of identified vugs (dissolution cavities formed within 

carbonate rocks formed as karst features) identified during field mapping.   The location of the identified 

vugs and their respective figure in which the photographs are show is provided on Figure A9. 

      Figure A9: Site location map of carbonate vug photographs. 
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BORING LOG DESCRIPTIONS WITHIN FENNER GAP  

 

A number of borings within the Fenner Gap provided extremely useful data during the interpretation of 

the geologic cross sections provided on Plates 3 and 4 of this report.   These borings include: TW-1, TW-

2B, TW-3, CH-1, CH-4, CH-5, Cl-2, and DT-1.  The locations of these borings are shown on Figure A9 

below.   

 

Figure A10: Location map of evaluated Fenner Gap borings. 

      

 
Interpretations of the stratigraphy and geologic structure from the borings were conducted during this 

study.  Borings providing core samples exhibit logs with considerably more detail than logs interpreted 

via cutting bag samples or only photographs of samples.  An emphasis was placed on attempting to 

evaluate shears and fractures associated with faulting, dips of structures (faulting and bedding), unit 

thicknesses, clast composition, and appropriate name for each unit identified.  All rocks observed in the 

borings were also mapped on the surface during this project. 

 

The logs provided below are not to scale, and simply provide information identified from the logs 

considered to be important in the interpretation of the cross sections shown on Plates 3 and 4. 
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TW-3 Notes: 

Core samples evaluated for TW-3 provided critical information regarding the potential thickness of the 

Miocene fanglomerates, and the location of an upper plate fault.  A well developed fault zone exhibiting 

fault gouge, shear surfaces, and secondary mineralization was identified in an approximately 46 foot thick 

zone.  The fault zone is very similar in thickness, composition, color, and structures as exposed upper 

plate faults in the Jaggar Hills (see Fault No.2 on Plate 2, KGS, 2011).  The average dips of the shear 

surfaces in TW-3, both within the fault zone and structurally above and below it is 41 degrees.  

Transposing a 41-degree dip to the surface from depth in TW-3 places this fault along the strike with 

Fault No. 2. 
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DESCRIPTIONS OF KEY DEFORMATIONAL STRUCTURES  

This section provides descriptions, with the use of cartoon drawings to explain some of the key structural 

relationships of the bedrock units within the Fenner Gap.  The deformational events are additive in the 

sense that younger structures (i.e. faults) will offset all older structures.  For example, the normal faults of 

the Miocene offset all deformed structures caused by the Jurassic intrusive suite.   A simplified geologic 

history of the site includes creation of the “Original System” (see section 8.2) that includes cratonal 
platform deposits of the Paleozoic sedimentary rocks on top of the Proterozoic Igneous and Metamorphic 

Complex.  These rocks were essentially undeformed until intrusion of the Jurassic Igneous suite, which 

pushed up, thermally metamorphosed, attenuated, and faulted rocks of the Original System.  This 

primarily occurred in the Ship Mountains and across the now buried regions of the southern and 

southwestern Fenner Gap.  The contact region between the relatively undeformed Original System well 

exposed in the Marble Mountains, and the deformed Original System occurs along the northern contact of 

the east-west trending and vertically dipping Jurassic Dioritic Gneiss which extends from 400 feet south 

of the southern tip of the Marble Mountains across Fenner Gap to the Jaggar Hills.  During the Miocene, 

Epoch extensional normal faults occurred across the Fenner Gap, offset both the relatively undeformed 

Original System rocks of the southern Marble Mountains and the more deformed rocks buried beneath 

Fenner Gap primarily due to the Jurassic Intrusives. 

The Original System 

The “Original System” herein refers to an upper crustal section consisting of the Paleozoic Sedimentary 
rocks (Bs, Bk, Ca, Ch, La, Za, and Wc) overlying the Proterozoic Igneous and Metamorphic Complex 

(Ar).  This is shown in the cartoon drawing below. 
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The Original System Deformed by Jurassic Intrusives 

The Original System remained fairly intact and undeformed locally until the intrusion of the Jurassic 

igneous suite, and metamorphic complexes.  This complex consists of the Jurassic Dioritic Gneiss (Jdg), 

Jurassic intrusives mixed with rocks of the Original System (Jgr-Ar), and nearly pure Jurassic Intrusives 

(Jgr).  The intrusion of the Jurassic igneous rocks primarily caused uplift, erosion, folding, and 

attenuation (thinning) of the Original System rocks as shown in the cartoon below. 
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Offset by Miocene Normal Faults 

Apparent Left-Lateral Offset of Original System 

During the Miocene, a series of normal faults offset the Original System and Jurassic Intrusive rocks.   

The primary normal faults within Fenner Gap evaluated during this study are Faults No. 1 through 9 that 

trend northeast to southwest.  These faults, shown in the cartoon drawing below, dip toward the northwest 

with the rocks on the northwestern side going down relative to the rocks on the southeastern side of each 

fault.  The Paleozoic rocks of the Original System tend to strike toward the north-northwest and dip 

toward the northeast.  Offset of beds with this strike and dip across Faults No. 1 through 9 produces an 

“apparent” left-lateral offset across each fault.  This is clearly observed within exposures in the southern 

Marble Mountains. The net result of an apparent left-lateral offset across all nine normal faults is to shift 

the Original System rocks toward the west across Fenner Gap.  
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Apparent Right-Lateral Offset of Vertically Dipping Jurassic Diorite Gneiss 

An apparent right-lateral offset is produced by offset of the nearly vertically dipping Jurassic Diorite 

Gneiss across each normal fault.  This is shown in the cartoon drawing below.  A similar right lateral 

offset has also likely occurred on Faults No. 1 and 2. 
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Convolving Apparent Left-Lateral offset of Original System and Right-Lateral offset of Jurassic Diorite 
Gneiss. 

 

 

         


