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ABSTRACT

Great thicknesses of Mesozoic sedimentary rocks are exposed 

throughout southwestern Arizona, southeastern California, and northern 

Sonora. One of these sequences, the Livingston Hills Formation, was 

studied in an attempt to answer questions concerning age, depositional 

environment, and tectonic setting. The Livingston Hills Formation is a 

3600 m clastic sequence divided into conglomerate, graywacke, and silt- 

stone members. It was deposited as a series of debris flows and shallow 

water sediments. Livingston Hills Formation sediment transport direc

tion is north to south in the Livingston Hills and northeast and south

west in the Plomosa Mountains. Conglomerate member clast lithologies 

change abruptly from supracrustal to igneous. Petrographic point counts 

from the two sections of the Livingston Hills Formation plot in differ

ent fields in Q-F-L and Qp-Lv-Ls diagrams, suggesting nonidentical but 

not mutually exclusive provenance for the two sections. Specific param

eters Q, F, L, P/F, V/L, and C/Q suggest a plutonic-volcanic provenance. 

Since the age of the Livingston Hills Formation is unknown, its tectonic 

significance cannot be determined. Possible tectonic settings include 

1) intra-arc basin for the Jurassic magmatic arc, 2) synorogenic depos

its from a Cretaceous fold and thrust belt, and 3) distal shoreline fa

cies of an Orocopia Schist protolith back-arc basin.
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INTRODUCTION

Throughout southwestern Arizona, southeastern California, and 

northern Sonora, Mexico, there are extremely thick sequences of sedi

mentary and volcanic rocks exposed in isolated mountain ranges. These 

rocks are found stratigraphically above Paleozoic rocks and below mid- 

Tertiary volcanic rocks. Most of the sequences have been assigned a 

Mesozoic age. Sparse fossil evidence from Sonora, California, and 

Arizona suggests the age could range from the Permian through Paleocene. 

The sedimentary rocks, being monotonous in lithology, unfossiliferous, 

and exceedingly thick, are very different from the classic Mesozoic se

quence exposed on the Colorado Plateau. Lithologic types include con

glomerate containing sedimentary and igneous clasts, feldspathic and 

quartz-rich sandstone, siltstone, and minor limestone, pyroclastic, and 

volcanic rocks. Thicknesses range up to 3600 m. All the sequences show 

effects of metamorphism, ranging from minor mineralogic changes in matrix 

to complete recrystallization into high-grade gneisses. Perhaps most 

indicative of the enigmatic nature of these sedimentary rocks is the 

fact that they have not been included in any paleotectonic or paleogeo- 

graphic reconstructions of the Mesozoic in southwestern North America.

In an attempt to answer questions about the age, depositional 

environment, and tectonic setting of these Mesozoic sedimentary rocks, 

two relatively unmetamorphosed sections were chosen for detailed study: 

a section in the southern Plomosa Mountains, and a section in the Living

ston Hills, both in Yuma County, Arizona (Figure 1).
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Previous work on Mesozoic sedimentary rocks in the Livingston 

Hills and southern Plomosa Mountains includes a brief description by 

Wilson (1933) and a map of Yuma County (Wilson, 1960) showing the broad 

extent of Mesozoic sedimentary rocks throughout the county. E. D. McKee 

(1947) detailed the stratigraphy of a section of Mesozoic sedimentary 

rocks about 1% miles northeast of Crystal Hill. Miller (1966) mapped 

the southern Plomosa Mountains and Livingston Hills, described the geol

ogy of the region, and gave the name Livingston Hills Formation to the 

Mesozoic sedimentary rocks exposed in the area. A geologic map of the 

Quartzsite Quadrangle by Miller (1970) duplicates his earlier work with
minor modifications.



GEOLOGIC SETTING OF 
THE LIVINGSTON HILLS FORMATION

The Livingston Hills Formation is exposed in highly complex 

structural relationships with a variety of rocks. These rocks include 

fossiliferous Paleozoic rocks, probable Jurassic metavolcanic rocks, 

other Mesozoic sedimentary rocks, Tertiary volcanic rocks, and plutonic 

rocks of unknown age. Thrust faults are numerous, as are other types of 

faults. Many rock sequences are completely fault-bounded. The follow

ing discussion of geologic setting of the Livingston Hills Formation is 

largely based on the geologic map of the Quartzsite Quadrangle by Miller 

(1970) and reconnaissance mapping and observations by the author.

Three separate sections of fossiliferous Paleozoic sedimentary 

rocks are exposed in the Plomosa Mountains. All are cratonic sequences 

of mixed southeastern Arizona-Grand Canyon affinity. Formations present 

include the Bolsa Quartzite, the Abrigo and Martin Formations, the Esca- 

brosa Limestone, the Supai Group, the Coconino Sandstone, and the Kaibab 

Formation. Thickness of the Paleozoic section totals 857 m. The depo- 

sitional base of the Paleozoic rocks is nowhere exposed. In addition to 

the more complete sections, low-angle fault-bounded "slices" of meta

morphosed Paleozoic sedimentary rocks are exposed throughout the southern 

Plomosa Mountains. The Plomosa Mountains section of the Livings ton Hills 

Formation is in depositional contact with one of these "slices."

Thick (3300 m) metavolcanic sequences of Precambrian or Jurassic 

age crop out in the western Plomosa Mountains. The Precambrian age

4



5

assignment by Miller (1966) is based on lithologic similarity of the 

metavolcanic rocks with the Yavapai Series of known Precambrian age ex

posed south of the Mogollon Rim. Miller's Jurassic age is based on 

lithologic similarity to rocks exposed in the Dome Rock Mountains .16 km. 

to the west dated by Leon T. Silver (Miller, 1970). Thick sequences of 

metavolcaniclastic and metavolcanic rocks are found in the Dome Rock 

Mountains. Due to the proximity, thickness, and lithologic similarities

between the sections in the western Plomosa Mountains and in the Dome
\

Rock Mountains, a correlation between the sections should be considered.

A metavolcaniclastic boulder containing a Permian sponge, Actinocoelia, 

was found in alluvium at the top of Copper Bottom Pass at the base of 

Cunningham Mountain in the Dome Rock Mountains. Therefore, Precambrian, 

Permian, and Jurassic ages must be considered for the metavolcanic and 

metavolcaniclastic sequences.

Exposed in the southern Plomosa Mountains in fault-bounded blocks 

and isolated hills is a sequence of interbedded maroon siltstone, quartz

ite, sandstone, and conglomerate which Miller (1970) calls continental 

red bed deposits. Structural complications have made it difficult to 

establish a stratigraphic sequence and thickness of this unit, but it is 

at least 305 m thick. In the western Plomosa Mountains the base of the 

section rests on a quartz porphyry. It is overlain by the Livingston 

Hills Formation, with angular discordance in the northeastern Livingston 

Hills. The contact is covered and may be either depositional or tectonic. 

Miller (1966) suggests a correlation between the continental red bed de

posits and the Triassic Moenkopi Formation of southern Utah and northern
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Arizona because of lithologic similarities. Stewart, Poole, and Wilson 

(1972), in their sedimentary facies and isopach map of the Moenkopi For

mation, have a 241 m thick section at the southern edge of their map 

area which they correlate with the Moenkopi Formation. The section is 

in Sycamore Canyon, about 250 km northeast of the southern Plomosa Moun

tains. This section consists of conglomerate and cross-stratified sand

stone and siltstone interpreted as channel deposits. The section is 

anomalous in that to the north into Utah and to the east to Holbrook, 

the Moenkopi Formation is characterized by quiet water and current depos

its of parallel ripple-laminated siltstone and interstratified silt- 

stone, carbonate, shale, and gypsum. Although the Sycamore Canyon 

section is not unusually thick, the thickness and possible southern 

source areas implied by the lithofacies relationships suggest that more 

undiscovered Moenkopi Formation may be present to the south of its known 

extent. On the other hand, if the metavolcanic rocks are Jurassic and 

if the continental red bed deposits are younger than the metavolcanic 

rocks, the correlation between the Moenkopi Formation and the continental 

red bed deposits is not possible.

An intrusive and extrusive quartz porphyry (Miller, 1970) crops 

out at several localities in the central Plomosa Mountains along the 

contact between Paleozoic marbles and the Plomosa Mountains section of 

the Livingston Hills Formation. The same quartz porphyry is exposed in 

the western Plomosa Mountains with continental red bed deposits inter

stratified with it and resting above it, and with metavolcanic rocks in 

discordant contact below it. In Apache Wash in the central Plomosa
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Mountains, the quartz porphyry is interstratified with the basal 10 m of 

the conglomerate member of the Livingston Hills Formation. Contact re

lationships described above suggest that the quartz porphyry is post- 

metavolcanic rocks and Paleozoic marbles in age and is probably close to 

contemporaneous with initial deposition of the conglomerate exposed in 

Apache Wash and the continental red bed deposits exposed in the western 

Plomosa Mountains. The interstratified nature of the quartz porphyry 

with both the Plomosa Mountains section conglomerate member of the Liv

ingston Hills Formation and the continental red bed deposits suggests 

that they may be lateral facies equivalents.

At least three separate undated quartz monzonite intrusions are 

mapped in the southern Plomosa Mountains. They have been assigned a 

Mesozoic or early Tertiary age because they intrude Paleozoic carbonates.

The Livingston Hills Formation, as exposed in the central Plom

osa Mountains, is a nearly complete homoclinal sequence 2000 m thick de

posited on Paleozoic carbonates and an extrusive-intrusive quartz 

porphyry unit with slight angular discordance. The top of the sequence 

is truncated by a low-dipping fault placing granitic rocks and conti

nental red bed deposits on the Livingston Hills Formation. In the Liv

ingston Hills, the Livingston Hills Formation rests with considerable 

angular discordance on continental red bed deposits. The top of the 

sequence is not exposed. The section there is 3572 m thick and also 

homoclinally exposed. Probable mid-Tertiary volcanic rocks overlie the 

sequence with pronounced angular unconformity. Age of the Livingston 

Hills Formation is constrained only by the Paleozoic section on which it



was deposited and the mid-Tertiary volcanic rocks that overlie it. 

Furthermore, it has been thrust faulted and must predate the last major 

compressive deformation of the region.

Subhorizontal rhyolites and andesites capped in some places by 

basalts make up the section of presumed mid-Tertiary volcanic rocks ex

posed in the southern Plomosa Mountains and Livingston, Hills;

8



THE LIVINGSTON HILLS FORMATION

The Livingston Hills Formation is an extensive sequence of con

glomerate, quartzofeldspatholithic sandstone (terminology from Crook, 

1960), and siltstone that crops out in the Livingston Hills and southern 

Plomosa Mountains. Miller (1966) divided the formation into conglomer

ate, graywacke, and siltstone members. The conglomerate member forms 

roughly the lower third of the section, the graywacke member the middle 

third, and the siltstone member the upper third of the section. The 

most complete section of the Livingston Hills Formation is exposed in 

the Livingston Hills, where the thickness is 3572 m. In the Apache Wash 

region in the southern Plomosa Mountains, the section totals 1996 m.

Both sections were measured by Jacob staff, described in detail (Figure 

2, in pocket) and sampled at close intervals for petrographic analysis. 

Both sections contain all three members of the formation. Conglomerate, 

which Miller correlated with the Livingston Hills Formation conglomerate 

member, crops out near Crystal Hill in the southernmost Plomosa Moun

tains, where it overlies Miller's (1970) continental red bed deposits.

9



THE LIVINGSTON HILLS SECTION 
OF THE LIVINGSTON HILLS FORMATION

Pistribution
The type section of the Livingston Hills Formation is exposed in 

the Livingston Hills as a homoclinal sequence dipping 30-45° to the 

south. Conglomerate similar in lithology to the Livingston Hills sec

tion conglomerate member is exposed in the northwestern and west-central 

Plomosa Mountains as well.

Contact Relationships

At the type section in the north-central Livingston Hills, the 

base of the Livingston Hills Formation is in high-angle fault contact 

with continental red bed deposits. The upper contact is nowhere ex

posed. Volcanic rocks of probable mid-Tertiary age overlie parts of 

the section with pronounced angular unconformity. In the northeastern 

Livingston Hills, the Livingston Hills conglomerate member is exposed 

structurally above continental red bed deposits along a contact which, 

if depositional, would represent the base of the section. The conti

nental red bed deposits are badly faulted, sheared, and foliated in 

several directions right up to the contact. The conglomerate member ex

posed above the contact is massive, only locally foliated, and contains 

dominantly igneous clasts. Lowest exposures of the conglomerate member 

at the type section are well—bedded, show a penetrative near—horizontal 

foliation, and contain dominantly supracrustal (quartzite and marble) 

clasts. The lithologic and structural differences between the exposures

10
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of the conglomerate member and the structural complexity within the con

tinental red bed deposits suggest that the contact between continental 

red bed deposits and Livings ton Hills Formation exposed in the north

eastern Livingston Hills may not represent the base of the Livingston 

Hills Formation. Conglomerate similar in lithology to the Livingston 

Hills section conglomerate member is exposed in the northwestern Plomosa 

Mountains in contact with metavolcanic rocks of probable Jurassic age 

and with a dark purple-gray volcanic agglomerate with interbedded flows 

of latite composition. In the west-central Plomosa Mountains, the con

glomerate is in contact with continental red bed deposits. The rocks of 

the Livingston Hills Formation, as seen in the Livingston Hills, have 

not been found in contact with Paleozoic rocks.

The Conglomerate Member

Thickness of the conglomerate member of the Livingston Hills 

Formation is about 1375 m. The lower 730 m of the section is typically 

a light blue gray, poorly sorted quartzofeldspatholithic matrix- 

supported conglomerate interbedded with fine- to coarse-grained, poorly 

sorted feldspathic sandstone (5% of the section) showing a well-developed 

near-horizontal cleavage of unknown significance (Figure 3). In the 

upper 645 m of the section, the conglomerate contains more matrix (as 

much as 80% locally), is medium gray, only locally foliated, and massive, 

with interbeds of feldspathic sandstone, pyroclastic sandstone, and rare 

tuff. Beds in the conglomerate member range from 10 cm to 10 m thick 

and are continuous along strike for a considerable distance. The
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Figure 3. Sandstone Interbed in the Conglomerate Member, Livingston 
Hills. —  Notice the well-developed cleavage at an angle 
to bedding.
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feldspathic and pyroclastic sandstone beds are much thinner, ranging be

tween 5 cm and 1 m thick. They also are continuous in outcrop over con

siderable distance. They are commonly graded and may contain more than 

one depositional unit. They account for about 5% of the section in the 

lower 730 m of the conglomerate member, and gradually increase to between 

25 and 75% of the section in the upper 645 m of the conglomerate member. 

All strata vary slightly in thickness along strike, suggesting wedge- 

shaped depositional units. Clasts in the conglomerate member are sub- 

angular to subrounded and range up to 1 m in diameter. All conglomerate 

beds are heterogeneous, containing clasts of many different lithologies. 

In the basal beds of the conglomerate member chips of maroon siltstone 

are found that are very similar to the maroon siltstone in Miller's con

tinental red bed deposits.

An analysis of clast lithologies in the conglomerate member ex

posed in the type section in the Livingston Hills (Figure 4) shows that 

in the lower 730 m of the section quartzite and carbonate clasts predomi

nate, although a minor igneous component (usually granitic) is always 

present. In this part of the section the largest clasts are potassium- 

feldspar rich granite boulders as large as 1 m in diameter. At 730 m 

above the base of the section, clast lithology suddenly changes. Vol

canic and granitic clasts (roughly divided half and half) become the 

dominant clast lithologies with only a minor but stable quartzite com

ponent remaining. Size of clasts slowly diminishes through this part of 

the section from about 35 cm in diameter down to a few centimeters in 

diameter. The top of the conglomerate member was chosen by Miller (1966)



METAMORPHIC AND .SEDIMENTARY CLASTS

VOLCANIC AND GRANITIC CLASTS

250 500 250 IQOO 1250 meters

STRATIGRAPHIC THICKNESS FROM BASE

Figure 4. Change in Clast Lithology, Conglomerate Member, Livingston Hills.

H
- O



15
to be above the last significantly thick bed of conglomerate. Beds of 

matrix-supported conglomerate occur throughout the graywacke and silt- 

stone members exposed in the Livingston Hills, but constitute only a 

minor amount of these members, and conglomerate beds are all less than 

1 m thick. The stratigraphically lowest pyroclastic sandstone is pres

ent 5 m above the dramatic sedimentary to igneous change in conglomerate 

clast lithologies.

Petrography of the 
Conglomerate Member

In thin section the feldspathic sandstone interbeds of the con

glomerate member contain equal percentages of poorly sorted sand-sized 

subangular quartz and feldspar and approximately 10% lithic fragments. 

The P/F ratio (plagioclase to total feldspar) is 0.85. The V/L ratio 

(volcanic lithics to total lithics) is about 0.60. Both feldspars are 

heavily sericitized and the plagioclase is largely replaced by calcite. 

Lithic fragments consist of silicic and intermediate volcanic rocks and 

silt grains. The lithic fragments have been deformed around more compe

tent grains into a fine-grained sericitically altered pseudomatrix 

(Dickinson, 1970, p. 702). Detrital muscovite and biotite grains are 

fairly common. Other accessory minerals are hornblende and magnetite.

Pyroclastic sandstone strata are recognized by a low (4-8) per

centage of quartz and high (65) percentage of very heavily sericitized 

feldspar (almost all plagioclase 'V'99%) set in a fine-grained recrystal

lized quartzofeldspathic mosaic framework. In hand specimen, recogni

tion of pyroclastic sandstone is difficult due to the large volumes of
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alteration products present. Accessory euhedral biotite altered to 

chlorite is present locally.

The Graywacke Member

The graywacke member is stratigraphically above the conglomer

ate member of the Livingston Hills Formation. .Like the conglomerate 

member, it is best exposed in the Livingston Hills where it is 915 m 

thick. Outcrops vary from massive (no visible bedding) to continuous 

bedding exposed for over 1 km (Figure 5). All outcrops are heavily coat

ed with desert varnish and commonly show a low-dipping cleavage. The 

graywacke member is heavily fractured throughout in many directions and, 

in some places, is sheared as well. Where marker beds are available, 

displacement along shear zones is less than 2 m.

The graywacke member consists of extremely monotonous medium to 

dark gray fine- to coarse-grained quartzofeldspatholithic sandstone. 

Interbeds less than 30 cm thick of pink, green, tan, brown, and gray 

siltstone and dark gray recrystallized limestone make up about 1% of the 

section. Beds 10-30 cm thick of matrix-supported conglomerate are more 

common. Clasts in the conglomerate are granitic, silicic volcanic, and 

quartzite, and are commonly well-rounded. Bedding thickness in the gray

wacke member ranges from 10 cm to 10 m and is both massive and graded 

(Figure 6). Pebble stringers of angular quartz and“feldspar are common. 

No cross-bedding, channels, or current indicators are seen in the gray

wacke member. Clasts and laminated pieces of clay are commonly found 

"floating*1 in a sand matrix within massive beds.
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Figure 5. Graywacke Member, Livingston Hills.
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Figure 6. Graded Bed, Graywacke Member, Livingston Hills. —  Notice 
the clast "floating" in a sand matrix.



Petrography of the 
Graywacke Member

Petrographically the feldspathic sandstone from the Livingston 

Hills graywacke member contains between 23 and 45% quartz, 50-70% feld

spar, and 2-30% lithic fragments (80% volcanogenic). The grains are 

poorly sorted and commonly quite angular. Interstitial material is 

sericite and calcite. Feldspar has been partly replaced by calcite and 

is heavily sericitized. Lithic fragments have been deformed around com

petent grains into pseudomatrix.

The Siltstone Member

The siltstone member is well exposed in the highest peaks of the 

southern Livingston Hills (Figure 7) and has a total thickness of about 

1285 m. Feldspathic and pyroclastic sandstone constitutes between 10 

and 50% of the siltstone member. Near the top of the siltstone member, 

the section contains roughly equal amounts of sandstone and siltstone. 

Miller (1966) defined the siltstone member as a member entirely con

tained within the graywacke member of the Livingston Hills Formation on 

the basis of this stratigraphic relationship. Here, the term siltstone 

member is used to include the entire section exposed above the graywacke 

member. The sandy siltstone interval contains numerous shear zones, 

variable south-dipping foliations, and very poorly exposed bedding.

There is the possibility that the sandy siltstone interval is a struc

tural repetition of the graywacke member exposed below the siltstone

19
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Figure 7. Siltstone Member, Livingston Hills. —  The siltstone member 
forms the highest peaks in the southern Livingston Hills.
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. The siltstone is medium to light gray, siliceous, and quite re

sistant in outcrop. Interlamination of silt and sand on a very fine 

scale is common, as are massive beds of pure silt (Figure 8). Beds 

range between 2 cm and 8 m in thickness. Many beds appear "vesicular" 

in weathered outcrop but the vesicles do not continue into fresh rock, 

indicating that they are only a surface weathering phenomenon. Petro- 

graphically "vesicular" beds are indistinguishable from other siltstone 

beds. Bedding plane surfaces are commonly covered with slightly asym

metric transverse ripples-that indicate north to south currents (Figure 

9). Fossil branchiopods found in a less resistant siltstone horizon 

about 7 m thick with a well-developed horizontal cleavage were too poorly 

preserved for identification of Genus or age but possibly indicate a 

lacustrine environment (N. J. Silberling, written communication, 1978). 

Paleocurrent directions in the siltstone member made at 82 different 

outcrop localities on transverse ripple orientations within the silt

stone member in the Livingston Hills (Figure 10) show a maximum current 

direction to the south (55% of data) and a submaximum direction to the 

north with almost no data indicating east or west directed currents.

Thus, dominant direction of sediment transport was to the south. The 

pattern seen in Figure 10 with a maximum and submaximum 180° apart and 

with little or no data at 90° to the maxima has been interpreted by 

Potter and Pettijohn (1977) to typify tidal flat environments.
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Figure 8. Laminated Siltstone, Siltstone Member, Livingston Hills
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Figure 9. Transverse Ripples, Siltstone Member, Livingston Hills.
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Petrography of the 
Siltstone Member

The siliceous siltstone of the Livingston Hills section is highly 

altered. Bare angular fragments of quartz and feldspar occur in a very 

fine grained 5-15y siliceous matrix laced with stringers of iron oxide 

and clouded with a coating of sericite. Matrix, probably mostly recrys

tallized pseudomatrix, makes up to 95% of the rock.



THE PLOMOSA MOUNTAINS SECTION OF 
THE LIVINGSTON HILLS FORMATION

Distribution

The Plomosa Mountains section of the Livingston Hills Formation 

is exposed in a 15 square kilometer area around Apache Wash in the 

south-central.Plomosa Mountains and in an isolated hill in the south

western Plomosa Mountains. Conglomerate possibly correlative with the 

conglomerate of the Plomosa Mountains section is exposed in low hills 

near Crystal Hill in the southernmost Plomosa Mountains. Siltstone cor

relative with the siltstone member of the Plomosa Mountains section 

crops out in the west-central Plomosa Mountains. Throughout the Quartzs- 

ite Quadrangle (Miller, 1970) isolated patches of conglomerate and silt- 

stone members of the Livingston Hills Formation are mapped, but 

lithologies vary from one outcrop to the next. Some outcrops have an 

affinity with either the Livingston Hills or Plomosa Mountains section 

of the Livingston Hills Formation and others look quite different from 

either section.

Contact Relationships

In the Apache Wash region of the Plomosa Mountains the Livingston 

Hills Formation is exposed as a generally east-dipping, locally over

turned homoclinal sequence that rests with slight angular unconformity 

in depositional contact with cliff-forming Paleozoic marbles. The top 

of the section is truncated by low-angle faults that place granitic rocks 

of unknown age and continental red bed deposits above the siltstone
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member. West of Crystal Hill in the southwestern Plomosa Mountains, 

conglomerate very similar in appearance to that in Apache Wash is in 

depositional contact with Paleozoic marbles.

Complicating the basal contact of the Livingston Hills Formation 

in the Plomosa Mountains is a unit that Miller (1970) calls both an in

trusive and extrusive quartz porphyry. The quartz porphyry is mapped 

by Miller as intruding the basal contact of the Livingston Hills Forma

tion. Further mapping by the author confirms that the quartz porphyry 

is in intrusive and extrusive contact with the Paleozoic marbles and 

that it is interstratifled with the lowest 10 m of the conglomerate mem

ber of the Livingston Hills Formation in Apache Wash. In the western 

Plomosa Mountains, mapping by the author suggests that the quartz por

phyry overlies a Jurassic(?) metavolcanic sequence and is overlain by 

continental red bed deposits in depositional contact. This relationship 

with the quartz porphyry, along with lithologic similarities between 

the continental red bed deposits and the conglomerate member of the 

Livingston Hills Formation exposed in Apache Wash, suggests a possible 

correlation between the continental red bed deposits and the conglomer

ate exposed in Apache Wash.

The Conglomerate Member

The conglomerate member of the Livingston Hills Formation ex

posed in Apache Wash is about 372 m thick. Most of it is overturned 

and dips 50-85° to the west. It is composed of light pink to ofange-red 

medium- to coarse-grained quartzofeldspatholithic interbedded
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sandstone and conglomerate. Between 10 and 50% of the section consists 

of sandstone. Bedding thickness ranges between 1 cm and 3 m in both 

conglomerate and sandstone. Towards the top of the conglomerate member, 

the percentage of sandstone beds increases. As in the Livingston Hills, 

the top of the conglomerate member was chosen at the last prominent con

glomerate bed. Exposures of the conglomerate member are poor throughout 

the section, but strata appear to be continuous for at least 10-20 m 

with slight thinning and thickening along strike.

In addition to the interbeds of quartz porphyry exposed in the 

lower 10 m of the conglomerate member, arenaceous carbonate lenses 10- 

50 m long and 30 cm to 5 m thick are exposed in the same interval. Two 

types of stromatolites, neither of which is age specific (Miller, 1966), 

and oncolites suggestive of hot spring origin (N. J. Silberling, written 

communication, 1978) are plentiful throughout the carbonate lenses.

Clast lithologies in the conglomerate member of the Plomosa 

Mountains section change from quartzite, carbonate, and granitic in lower 

parts of the section into granitic and volcanic in upper parts of the 

section. Monolithologic conglomerate horizons of limestone, granite, 

and quartzite clasts are common. Clast size is generally between 1 and 

15 cm in diameter, but range as large as 60 cm in diameter for granitic 

clasts. Groove marks indicating southwest or northeast transport are 

found in several horizons in sandstone interbeds in the conglomerate 

member. Fine-grained sandstone beds and laminated siltstone beds within 

the conglomerate member contain load casts and evidence of soft sediment



deformation. One example of small-scale, fluvial-type cross-bedding 

indicating sediment transport to the west was also found.

Petrography of the 
Conglomerate Member

The sandstone interbedded with the Plomosa Mountains section 

conglomerate member is variable in lithology, containing between 45 and 

60% quartz, 30 and 50% feldspar, and 5 and 30% lithic fragments. The 

feldspar is 60-85% plagioclase, and the lithic fragments are 0-60% vol- 

canogenic. The balance of the lithic fragments are silt, with very 

minor amounts of chert and quartzite. Interstitial material most com

monly is calcite, sericite, and iron oxide. Grains are poorly sorted 

and subangular. Detrital calcite is present. The feldspar is sericit- 

ized and much of the plagioclase has been altered to albite. Albite 

overgrowths on plagioclase are common.

The Graywacke Member

The graywacke member of the Plomosa Mountains section of the 

Livingston Hills Formation, in contrast to the conglomerate member, is 

composed of medium gray, massive quartzofeldspatholithic sandstone with 

only occasional bedding of variable attitude exposed. Shear zones are 

common with no marker beds available to indicate amount of offset. The 

section is further complicated by ubiquitous feeder dikes to probable 

mid-Tertiary basaltic extrusives. Horizons of matrix-supported conglom

erate and graded sandstone beds are common. In outcrop, the section 

looks quite similar to the more massive exposures of graywacke member in 

the Livingston Hills.
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Petrography of the 
Graywacke Member

The graywacke member of the Plomosa Mountains section is some

what different in thin section from the graywacke member of the Living

ston Hills section. Quartz content varies between 35 and 60%, feldspar 

between 27 and 42%, and lithic fragments (7-46% volcanogenic) between 

2 and 30%. Clastic lithic fragments are mostly silt with minor detrital 

calcite. Grains are angular and poorly sorted. Feldspar is heavily 

sericitized and much of the plagioclase has been replaced by calcite. 

Interstitial material is sericite and calcite with minor amounts of 

iron oxide.
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The Siltstone Member

In the southern Plomosa Mountains, the siltstone member of the 

Livingston Hills Formation is exposed in low hills on the east side of 

Apache Wash. The section, complicated by small-scale folding, is almost 

entirely siltstone. Bedding thickness ranges between 1 and 6 cm. Grad

ed sandstone beds less than 4 cm thick occur every meter or so. The 

siltstone is light to medium gray, badly fractured, and commonly lami

nated . Thickness of the section is about 900 m. Silty calcareous oval

shaped concretions as large as 1 m in diameter occur throughout the 

middle third of the siltstone member. Lunate and transverse ripples oc

cur in several localities. Figure 11 shows all current indicator data 

from the Livingston Hills Formation exposed in Apache Wash. The data 

suggests currents flowing both to the southwest and northeast as well as 

considerable variability in direction of flow. Bedding thicknesses are
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Figure 11. Paleocurrent Directions, Livingston Hills Formation, Plomosa 
Mountains. —  Eighteen data points were used.
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quite uniform along strike. Minor folds and faults with small amounts 

of displacement are common throughout the section. Bits of fossil wood, 

mostly plant stems, were found in siltstone exposed in Apache Wash.

Siltstone, identical in appearance to that exposed in Apache 

Wash, crops out in the west-central Plomosa Mountains where it is iso- 

clinally folded and cut by vertical faults with gouge zones 10 m thick.

Petrography of the 
Siltstone Member

The sand interbeds from the Plomosa Mountains section siltstone 

member contain roughly equal amounts of quartz, feldspar, and lithic 

fragments. Between 30 and 70% of the lithic fragments are volcanic.

All the feldspar is sericitized plagioclase. Between 8 and 16% of the 

rock is interstitial material,, mostly calcite and sericite cement.

Grains are subangular and between 30 and lOOp in size.

Conglomerate Member of 
the Livingston Hills Formation 

Exposed near Crystal Hill

Conglomerate exposed in low hills near Crystal Hill in the 

southernmost Plomosa Mountains is assigned by Miller (1966) to the con

glomerate member of the Livingston Hills Formation. It is mapped as 

being in depositions! contact with continental red bed deposits as well 

as thrust over and under continental red bed deposits. All contacts 

are low angle and angular discordance between units is less than 5°. 

Thickness of this conglomerate was not measured, but 150 m is a probable 

maximum. The conglomerate is matrix-supported and contains well-rounded



quartzite, chert, and limestone clasts 1-10 cm in diameter in an orange- 

red iron-stained quartzofeldspathic matrix. Possible tectonic movement 

along upper and lower contacts of the conglomerate is suggested by nu

merous calcite-filled fractures and a poorly developed low-angle cleavage 

near the contacts. Bedding in the conglomerate is poorly preserved, 

but appears to be generally less than 1 m thick.

Possible Correlation between Continental Red 
Bed Deposits and the Plomosa Mountains 
Section of the Livingston Hills formation

The most convincing evidence for a correlation between the conti

nental red bed deposits and the Plomosa Mountains section of the Living

ston Hills Formation is that they are both in depositional contact with 

and interbedded with quartz porphyry. The eruption of the quartz porphyry 

and onset of deposition of the continental red bed deposits and conglom

erate member of the Plomosa Mountains section was probably quite close 

in time, due to the similarity in lithology and texture between massive, 

intrusive quartz porphyry and the quartz porphyry interbeds. The inter

beds are not grus. Other evidence of correlation between the units is 

the similarity between conglomerate in the Crystal Hill and Plomosa Moun

tains regions. Siltstone similar to the siltstone exposed in Apache Wash 

is exposed within continental red bed deposits outcrop areas. Detailed 

stratigraphy of the continental red bed deposits and age determinations 

from both sections will probably be necessary to confirm or deny a cor

relation between the units.
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DEPOSITIONAL ENVIRONMENT OF 
THE LIVINGSTON HILLS FORMATION

The conglomerate member of the Livingston Hills Formation exhib

its extreme variation in sorting of clasts and matrix, grain size of 

matrix, and thickness of beds from bed to bed. The conglomerate is al

ways matrix-supported and clasts are not imbricated or found in preferred 

orientations. Beds thicken and thin along strike, suggesting wedge- 

shaped depositional units, and are continuous in outcrop over at least 

100 m. Bedding in the conglomerate ranges between 1 cm and 10 m thick. 

The feldspathic sandstone interbeds within the conglomerate commonly show 

graded bedding and are between 1 cm and 1 m thick. The conglomerate ex

posed in Apache Wash and near Crystal Hill in the Plomosa Mountains is 

orange-red to pink and contains large amounts of iron oxide in intersti

tial material. The conglomerate exposed in the Livingston Hills is blue- 

gray to gray and contains mainly sericite and calcite in interstitial 

material. The limestone lenses exposed near the base of the conglomerate 

section in Apache Wash contain oncolites suggestive of hot spring activ

ity (N. J. Silberling, written communication, 1978). Stromatolites and 

one example of fluvial cross-bedding suggest a shallow water environment. 

In thin section all samples from the conglomerate member contain large 

volumes of secondary micas which may be alteration products of an ori

ginal clay-rich matrix.

Criteria diagnostic of alluvial fan deposits described by Bull 

(1972) and seen in the Livingston Hills Formation include the oxidized
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nature of the sedimentary rocks in the Plomosa Mountains section, the 

variability between beds in thickness, particle size and sorting, and 

the presence of clay matrix. Debris flows are defined by Bull (1972) as 

being high viscosity, high density flows with entrapped sediment grains 

that act more like a plastic mass than a Newtonian fluid. These flows 

are commonly poorly sorted and are deposited as a continuous sheet.

They generally have sufficient matrix strength to transport very large 

boulders. Conglomeratic debris flows are matrix-supported. Conditions 

leading to their formation include steep slopes with little vegetation, 

a source for the mud found in the matrix of the flows, and abundant rain

fall for short infrequent periods of time. The term mudflow. Bull (1972) 

suggests, should be reserved for fine-grained (sand, silt, and clay) de

bris flows. The term debris flow should be reserved for flows consisting 

of coarse-grained sediments and clasts.

The above evidence suggests that the conglomerate of the Living

ston Hills Formation was deposited as a series of debris flows and mud

flows in a subaerial or shallow water fan-type environment.

Oxidation of some of the conglomerate and reduction of other 

conglomerate is possibly due either to differences in ground water chem

istry following deposition or subaerial deposition for the oxidized con

glomerate in the Plomosa Mountains, and shallow water deposition for the 

blue-gray conglomerate in the Livingston Hills. Geologic processes in

volved in debris and mudflow deposition are indistinguishable for sub

aerial and shallow water environments. Paucity of fossils and 

difficulties in creating a deep marine environment on continental crust
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suggest that the fans were not deposited as submarine canyon and channel 

deposits.

The variability in grain size, sorting, and bedding thickness 

within the graywacke member, the presence of clasts and mudchips float

ing in a sand matrix, graded beds, lack of fossils, and continuous bed

ding over long distances are all characteristics found in subaerial fan 

deposits. The presence of these characteristics suggests that the gray

wacke member may also have been deposited as a series of mudflows and 

debris flows. As with the conglomerate member, no criteria are avail

able to distinguish between subaerial and shallow water (lacustrine or 

marine) deposition.

Tidal flat environments are characterized by fine-grained sedi

ment deposition, interlamination of sand and silt, both massive and 

laminated beds, asymmetric oscillation ripples, and bidirectional cur

rent indicators (Reineck, 1972). The siltstone member of the Livingston 

Hills Formation contains interlaminated sand and silt, massive sand and 

silt and laminated silt beds, and slightly asymmetric transverse ripples 

that indicate (Figure 10) bidirectional current flow. Evidence from 

Potter and Pettijohn (1977) that the current rose pattern obtained from 

the transverse ripples is typical of tidal flat environments plus simi

larity of characteristics listed above suggest that the siltstone member 

of the Livingston Hills Formation was deposited in a tidal flat 

environment.

Feldspathic sandstone beds within the siltstone member are all 

internally structureless, massive, and not continuous in outcrop. They
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could be either debris flow and mudflow deposits as discussed earlier 

for the feldspathic sandstone in the graywacke member, or were depos

ited in tidal channels.

In Apache Wash, the siltstone member of the Livingston Hills For

mation is typified by laminated silt beds 1-6 cm thick interbedded with 

graded sandstone beds less than 4 cm thick. Lunate and transverse rip

ples occur on bedding plane surfaces but do not indicate highly preferred 

directions of sediment transport (Figure 11). Fossil wood was found at 

one locality. Siltstone in Apache Wash contains a high percentage of 

sericitized micas indicating an original clay-rich matrix. Environment 

of deposition could be tidal flat, as for the Livingston Hills section 

siltstone member, or lacustrine, suggested by the periodically present 

graded sandstone interbeds.



PETROGRAPHY OF THE 
LIVINGSTON HILLS FORMATION

The petrography of the Livingston Hills Formation was studied in 

detail with hope that it would provide information about provenance and 

either confirm or question the validity of correlation between the expo

sures in the southern Plomosa Mountains and Livingston Hills.

In Q-F-L plots (e.g., Dickinson, 1970) polycrystalline quartz 

(chert, quartzite, and metaquartzite) is usually assigned to the Q pole. 

Thus, emphasis is on textural maturity of the rock rather than on prove

nance. Since valuable information comes from textural maturity and prov

enance data, Graham, Ingersoll, and Dickinson (1976) suggest a way to do 

both. They define Q as being Qm (monocrystalline quartz) plus Qp (poly

crystalline quartz). Lt includes L (volcanic-metavolcanic fragments, Lv, 

and sedimentary-metasedimentary fragments, Ls) plus Qp. Then data can be 

plotted in three ways: a Q-F-L plot emphasizing textural maturity, a

Qm-F-Lt plot emphasizing provenance, and a Qp-Lv-Ls plot comparing lithic 

fragments. A Qm-F-Lt plot is especially useful where rocks being com

pared differ in textural maturity but not in source area.

Initially the samples from the Livingston Hills Formation appear 

to contain between 5 and 50% fine-grained interstitial material. Care

ful examination of the interstitial material shows that much of it is 

really pseudomatrix, a term introduced by Dickinson (1970, p. 702) for 

"a discontinuous interstitial paste formed by the deformation of weak 

detrital grains." When lithic fragments in the pseudomatrix are
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included in the framework of the rock, the percentage of interstitial 

material, in the terminology of Graham et al. (1976), is very low.

Sediment deposited in modern depositional environments rarely 

contains more than 5 to 10% fine-grained material interstitial to the 

grains forming the framework of the rock. Ten percent or more intersti

tial material in an ancient sedimentary rock suggests that some unstable 

framework grains have been altered to interstitial material. If texture 

and mineralogy of the unstable grains have been completely altered, there 

is no way to obtain an accurate point count of the original composition 

of the rock. For this reason, samples containing more than 10% inter

stitial material were not used unless needed to provide petrographic 

coverage at reasonable intervals. From more than 200 hand samples, 80 

of which were thin sectioned, 22 were chosen for analysis of detrital 

modes. Twelve samples are from the Livingston Hills Formation in the 

Plomosa Mountains and 10 are from the Livingston Hills. Two additional 

samples from the Livingston Hills were examined, but are pyroclastic in 

origin and are discussed separately. Three hundred counts were made per 

slide. Modes counted include monocrystalline quartz, polycrystalline 

quartz (chert and quartz differentiated), potassium feldspar, plagioclase 

feldspar, lithic fragments, interstitial material, and detrital mica. 

Types of lithic fragments counted include felsitic, microlitic, and lath- 

tfork as defined by Dickinson (1970, p. 701), sedimentary-metasedimentary, 

chert, quartz-foliate metaquartzite, and indeterminate.

Figures 12, 13, and 14 show graphic results of the point counts, 

which are also catalogued in Table 1. Points from the Plomosa Mountains 

and Livingston Hills are loosely grouped in two large fields. The Q-F-L
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Table 1. Modal Point Counts and Grain Parameters for Livingston Hills

Formation. —  Samples from Plomosa Mountains and Livingston Hi l l s . ___________________________________________ ____________________________________________________________________________
PLOMOSA MOUNTAINS SAMPLES_______________________________  _____________ LIVINGSTON HILLS SAMPLES____________ ______ AVERAGES

Sample Number A4 A14 A17 A22 A26 A36 A51 A61 A73 A76 A104 A110 B7 B14 B29 B33 B44 B49 B54 B58 B64 B70 B94 A B
% Total Rock i

I 10 7 0 5 7 1 5 1 10 11 • 16 8 12 1 3 4 9 3 6 10 1 1 10

% Total Framework ■;
M 0 1 3 3 0 . 1 0 3 0 1 2 1 2 1 2 , 0 3 1 0 0 1 2 0

%QFL !
Q 51 59 44 58 45 36 41 39 52 41 49 43 50 41 23 23 30; 44 32 40 29 32 33 47 34
F 32 40 51 38 27 42 32 34 31 23 34 28 41 43 66 69 53 50 53 56 52 58 47 34 53
L 17 2 5 5 27 22 27 27 17 36 18 30 8 15 11 8 17 i 7 15 4 19 10 20 19 12

% LtU
1. Volcanic-felsitic 7 0 0 0 10 5 14 5 5 23 21 32 6 22 71 0. 4 43 0 0 7 3 48
2. Volcanic-microlitic 15 0 50 7 18 32 23 1 24 0 32 32 6 22 16 58 53 17 93 75 78 76 26
3. Volcanic-lathwork 0 0 6 0 1 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 2 . 0 3
4. Clastic 45 -71 31 71 54 42 • 35 87 35 50 25 30 22 30 13 12 8: 22 0 17 13 5 9
5. Chert 13 14 0 14 8 . 12 8 4 13 4 6 5 6 4 0 4 8 0 7 0 0 5 2
6. Quartzite 2 0 12 0 1 0 3 0 4 8 2 0 28 13 0 0 2 9 0 0 0 11 7
7. Indeterminate 17 14 0 7 7 8 10 3 20 15 13 1 31 9 0 25 24r 9 0 8 0 0 5

%CL -7)
QP (5+6) 18 17 13 15 11 13 13 4 20 14 10 5 50 18 0 5 15 i 9 7 0 0 16 9
Ls (4) 55 83 31 77 58 46 39 90 43 58 29 30 32 33 13 17 io; 24 0 18 13 5 9
Lv (1+2+3) 27 0 56 8 31 40 48 6 . 37 27 61 65 18 49 87 78 75 67 93 82 87 78 82

Grain Parameters
C/Q .06 .01 .02 .01 .07 .09 .09 .03 .07 .12 .03 .04 .09 .08 0 .02 .08 .02 .03 0 0 .06 .06 .05 .04
P/F .81 .78 .58 .84 .75 .85 .81 1.00 .93 1.00 1.00 1.00 .91 .78 .85 .58 .53 .93 .91 .85 .73 .49 .98 .86 .78
V/L .33 0 .62 .10 .35 .46 .55 .07 .46 .32 .68 .68 .57 .60 .87 .82 .88 .74 1.00 .82 .87 .93 .90 .39 .82
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plot (Figure 12) shows that the Plomosa Mountains section is more 

quartz-rich than the Livingston Hills section. The Qm-F-Lt plot (Figure 

13) is only slightly different from the Q-F-L plot due to the small 

amount of polycrystalline quartz in the samples. A difference in prove

nance is suggested by the Qp-Ls-Lv plot (Figure 14) with the Livingston 

Hills section containing more volcanic lithic fragments than the Plomosa 

Mountains section.

Conglomerate clast lithologies are more variable in the Living

ston Hills than in the Plomosa Mountains where monolithologic conglomer

ate beds are common. This suggests that the Plomosa Mountains section 

was closer to the source area, allowing less transport distance for 

clast mixing. However, the quartzose'nature of the Plomosa Mountains 

section relative to the Livingston Hills section, emphasized by the Q- 

F-L and Qm-F-Lt plots, is the opposite of what might be expected in tex

tural maturity if the Plomosa Mountains section were closer to the 

source area. If the Q-F-L and Qm-F-Lt plots do not show differences 

in textural maturity but instead show different source areas, the petro

graphic distinction between textural maturity of the sections has no 

basis. The pyroclastic sediments and the higher percentages of volcanic 

lithic fragments in the Livingston Hills shown on the Qp-Lv-Ls plot sug

gest that the source area contained volcanic activity. The volcanism 

might have been a source of the increased feldspar content of the Living

ston Hills section relative to the Plomosa Mountains section only if 

the sections were deposited far enough apart for the volcanism to affect 

one section in a much greater way.
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In addition to percentages of Q, F, and L, Dickinson (1970) pro

posed the specific grain parameters C/Q (chert/total quartz), P/F (pla- 

gioclase/total feldspar), and V/L (volcanic lithics/total lithics) to 

help in distinguishing between plutonic, volcanic, and tectonic (supra- 

crystal strata) provenances within orogenic belts. Table 2 is a review 

of these grain parameters (Dickinson, 1970, p. 705). Results of grain 

parameter averages (Table 1) for the Plomosa Mountains and Livingston 

Hills sections are quite similar with the exception of the V/L value.

Q, F, and C/Q all lie within acceptable ranges for either a plutonic or 

volcanic source. The low values of L suggest a plutonic source. Both 

detrital mica (plutonic source) and altered pyroxenes and amphiboles 

(volcanic or plutonic source) are found, with mica being dominant over 

pyroxenes and amphiboles. A modest V/L value for the Plomosa Mountains 

section indicates a lower volcanic source input than for the Livingston 

Hills section with, its high V/L value. Grain parameters are quite con

sistent within the Livingston Hills section but are variable in the 

Plomosa Mountains section. The variability may reflect a closeness of 

source terrene, as does the heterogeneity of conglomerate clast 

lithologies.

Results obtained from detrital mode determinations and parameter 

calculations suggest nonidentical mixed plutonic-volcanic provenance 

for the Plomosa Mountains and Livingston Hills sections of the Living

ston Hills Formation based on differing amounts of volcanic lithic frag

ments and feldspar percentages. However, the results stop short of 

implying mutually exclusive provenance for the sections either in time
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Table 2. Typical Values for Grain Parameters in Subquartzose Sand
stones Derived from Volcanic, Plutonic, and "Tectonic" 
Provenances (Dickinson, 1970, p. 705, Table 4)._______

Volcanic Plutonic "Tectonic"Q 25 50 + 25 25-50

F 25-50 50 25

L 50-75 25 50

C/Q 0 .. o 0.5+

P/F .75-1.0 variable variable

V/L 1.0 variable variable

Special "pyriboles" mica "chert-grain"



or space. For help in future correlations with other Mesozoic sedimen 

tary sequences, graphs of Q, F, L, C/Q, P/F, and V/L beside the litho- 

stratigraphic columns are given in Figures 15 and 16.
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POSSIBLE TECTONIC SETTINGS OF 
THE LIVINGSTON HILLS FORMATION

Lower Mesozoic volcanic and plutonic rocks of arc affinity form 

a broad northwest-southeast band from the southern Sierra Nevada Moun

tains to the Canelo Hills in southeastern Arizona. Using a time scale 

by Armstrong (in press), well-documented Lower Jurassic plutons are 

found in the southern Sierra Nevada Mountains (Armstrong and Suppe,

1973). In the Soda Mountains of the central Mojave Desert, the Soda 

Mountains Formation of Grose (1959) consists of interstratified sand

stone and volcanic flows and has been tentatively correlated with the 

Triassic-Jurassic Aztec Sandstone. In the western Mojave Desert are 

found the Sidewinder Volcanics intruded by Mesozoic plutons (Bowen and 

VerPlanck, 1966) and the underlying Hodge Volcanics which overlie the 

Fairview Valley Formation (Diblee, 1967). At Rodman Mountain in the 

central Mojave Desert, Miller and Carr (1978) report volcanic debris in 

a lower Mesozoic roof pendant. The 1220 m thick, volcanogenic Palen 

Formation exposed in the Palen Mountains of the eastern Mojave Desert 

is intruded by a rhyodacite porphyry age dated at 173 m.y. (method una

vailable). (Pelka, 1973). The crystalline structural basement for a 

highly deformed sequence of Paleozoic and Mesozoic sedimentary rocks in 

the Big Maria Mountains of the eastern Mojave Desert is of Jurassic age 

(Hamilton, 1971). Rangin (1978) and Rangin and Roldan Q. (1978) find vol- 

caniclastic rocks interbedded with volcanic flows containing ammonites 

and pelecypods of Liassic through Oxfordian to early Kimmeridgian age 

in northern Sonora, Mexico. The potassic Canelo Hills Volcanics of the
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Canelo Hills in southeastern Arizona yielded a Jurassic 173 m.y. K-Ar 

(bi) age date (Hayes, Simons, and Raup, 1965). In addition, Knopf and 

Kirk (1918), Gardner (1940), Hewett (1956), and Johnson (1957) make 

reference to volcanic and volcaniclastic rocks of Jurassic age in the 

Mojave Desert.

Data which suggest an arc-related origin for the Livingston 

Hills Formation include its quartzofeldspatholithic mineralogy and re

sultant volcanic-plutonic provenance, interbedded pyroclastics and vol- 

canics, and the abrupt change in clast lithologies in the conglomerate 

member from supracrustal to igneous. It may be correlative with any of 

the above-mentioned sedimentary sequences.

Behind the Cretaceous Sierra Nevada magmatic arc developed the 

Sevier Orogenic Belt in eastern Nevada and western Utah. Syn-depositional 

with the evolution of this fold and thrust belt is the Canyon Ridge fan- 

glomerate which is over 3350 m thick in central Utah. Clasts in the 

fanglomerate record erosion of the Sevier Orogenic Belt by showing in

verted Mesozoic through Precambrian stratigraphy (Armstrong, 1968). Con

tinuation of the Sevier Orogenic Belt south of the Garlock Fault is not 

well documented.

If the Peninsular Batholith magmatic arc developed with a belt of 

deformation behind it during Cretaceous time, the Livingston Hills Forma

tion could record erosion of the belt. The thin crustal cover would soon 

have been eroded, leaving Jurassic arc and/or Precambrian craton to pro

vide the plutonic-volcanic provenance of the Livingston Hills Formation. 

The conglomerate clasts might show inverted stratigraphy of stripped



Paleozoic and Mesozoic cover followed by Jurassic intrusions and/or 

Precambrian craton.

The age of the protolith of the Orocopia, Pelona, and Rand For

mations (all schists) of southern California is unknown. The Orocopia 

Formation consists of metamorphosed graywacke, basalt, carbonate, and 

chert, and is tectonically overlain by Mesozoic and Precambrian crystal

line rocks. Haxel and Dillon (1978) suggest that the Orocopia Formation 

may have been deposited in a back-arc basin that developed behind the 

Peninsular Batholith magmatic arc during Cretaceous time. The crystal

line rocks overlying the Orocopia Formation may be part of the Peninsular 

Batholith that was thrust over the back-arc basin as it closed.

No clasts in the Livingston Hills Formation record lithologies 

. similar to those of the Orocopia Formation. However, the Livingston 

Hills Formation could be a distal shoreline facies of this back-arc 

basin, deriving sediment from the extinct Jurassic arc to the north.

North to south tidal flat paleocurrents of the siltstone member fit 

into this interpretation well.

The thick McCoy Mountains Formation exposed in the McCoy Moun

tains of the eastern Mojave Desert contains Maestrichtian to Paleocene(?) 

pollen at the top (Pelka, 1973). The tectonic setting of the McCoy 

Mountains Formation is unknown. It could be time-equivalent to the Liv

ingston Hills Formation and represent deposition either in a back-arc 

shoreline region (Hamilton, 1978), or off a fold and thrust belt.

Other thick clastic sequences of presumed Mesozoic age and pos

sible equivalents to the Livingston Hills Formation with varying degrees
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of lithologic similarity are exposed in the Dome Rock Mountains, the 

Granite Wash Mountains, the Kofa Mountains, and the Castle Dome Moun

tains, all in Yuma County, Arizona. The highly deformed Mesozoic rocks 

in the core of Hamilton's (1971) overturned syncline in the Big Maria 

Mountains in California may be equivalent to the Livingston Hills Forma

tion as well.

The Bisbee Formation of southeastern Arizona, the Recreation Red 

Beds-Amole Arkose sequence exposed in the Tucson Mountains, and litho

logically equivalent strata exposed in the Roskruge, Baboquivari, Como- 

babi, Sheridan, Santa Rosa, and Vekol Mountains in southern Arizona 

(Heindl, 1965a, 1965b) must be considered as possible time-correlative 

sequences to the Livingston Hills Formation until its age is determined.

In a compilation geologic map of Sonora, Ramos (1974) depicts 

several discreet Mesozoic formations, any of which may be time and/or 

facies equivalents of the Livingston Hills Formation.

Until the age of the Livingston Hills Formation is determined, 

no preferential tectonic setting can be chosen for it with any certainty.



CONCLUSIONS

The Livingston Hills Formation is a thick (3600 m) clastic se

quence deposited on continental crust. Its age is presently constrained 

only by the Paleozoic rocks it overlies with angular unconformity and 

middle Tertiary volcanic rocks which cap it, leaving a time span of over 

200 m.y. Potentially correlative dated and undated Mesozoic sequences 

in southwestern North America are numerous. Radiometric ages or fossil 

evidence will be needed for secure correlation of sequences, since pet

rographic work in the two Livingston Hills Formation sequences, easily 

correlated megascopically, raises questions as to whether the Plomosa 

Mountains and the Livingston Hills sections have the same provenance. 

Characteristics of the Livingston Hills Formation which should fit a 

tectonic setting chosen for it include its 1) cratonic setting, 2)

3600 m thickness, 3) subaerial-shallow water depositional environment,

4) north to south (Livingston Hills) and northeast and southwest (Plo

mosa Mountains) paleocurrent directions, 5) sudden supracrustal to ig

neous conglomerate clast lithology change, 6) nonidentical volcanic- 

volcanic-plutonic provenances for the two sections, and 7) stratigraphic 

relationships with Paleozoic rocks, continental red bed deposits, 

Jurassic(?) metavolcanics, and the intrusive-extrusive quartz porphyry.
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