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ABSTRACT 

Geologic mapping and analysis of Oligocene-Miocene sedimentary 

rocks in the upper plate of the Buckskin-Rawhide detachment fault system 

(west-central Arizona) reveal a complex paleogeographic history during 

fault displacement, involving shifting sediment-source areas and multiple 

drainage reversals. Within the study area, four upper-plate fault blocks are 

capped by homoc1inal sedimentary sections that display fanning dip 

relationships indicating concurrent tilting and sedimentation. Four 

sedimentary assemblages can be correlated between fault blocks on the basis 

of lithologic similarity, stratal position, provenance, paleocurrent data, and 

sparse geochronologic constraints. Detritus within the basal assemblage 

was derived from the granitic terrane surrounding the northern part of the 

study area. The overlying lower assemblage contains voluminous 

quantities of sedimentary breccia that were derived from source areas 

consisting mainly of Mesozoic and Paleozoic rocks exposed to the south of 

the study area. Middle-assemblage sediments were deposited by an 

extensive south-directed stream system that probably flowed off 

undistended parts of the hanging wall. Upper-assemblage sediments were 

deposited by a northeast-directed system of broad, shallow streams; these 

deposits display a variety of clast types, including Tertiary mylonitic rocks 

that were eroded from the upwarped footwall of the metamorphic core 

complex. During deposition of these sedimentary rocks, upper-plate 

sedimentation was intermittently confined to separate half-graben, while at 

other times rapid rates of aggradation relative to fault-displacement 

resulted in burial of ridges separating sub-basins. 
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Evaluation of sedimentary breccia bodies contained within the lower 

assemblage in the Artillery Peak area indicates that r,nany are of rock

avalanche origin. Some are sufficiently large to have represented large 

rock avalanches (that is, sfurzsfroms) at the time of emplacement and 

display features consistent with descriptions of such lobes. Some rock

avalanche deposits interbedded with lacustrine sediments represent 

initially subaerial lobes that flowed into lakes. These bodies locally "are 

intruded by substrate-derived injection structures and contaminated by 

lakebed mud; mud contamination was initially concentrated along the 

bases of lobes, but affected a progressively greater proportion of the flows 

with increasing subaqueous runout. Contaminated portions of rock

avalanche lobes exhibit feature~ consistent with decreased shear strength, 

and thoroughly contaminated lobes appear to have transformed into slow

moving, slurry-like flows that experienced internal cycling of debris. 



CHAPTER 1 

INTRODUCTION TO THE DISSERTATION 

11 

The Date Creek basin (Fig. 1) in west-central Arizona is one of the 

largest and best exposed composite basins lying downdip from an exposed 

metamorphic core complex in North America, and as such warrants 

careful examination. The basin is also notable in that it contains 

voluminous sedimentary breccia deposits of mid-Tertiary age. The study 

area lies within the westernmost portion of the Date Creek basin, and 

extends from the northwestern edge of the Harcuvar metamorphic core 

complex to the Artillery Peak area about 15 km to the east (Fig. 1). It 

transects four Oligocene-Miocene homoc1inal sedimentary sections that cap 

separate tilt blocks within the upper-plate. The site was selected for 

detailed investigations because it exhibits maximum stratigraphic exposure 

and minimum structural complexity relative to other parts of the hanging 

wall. 

The objectives of the study were to 1) glean stratigraphic information 

from the western Date Creek basin that would contribute to a better 

understanding of the Tertiary paleogeographic and tectonic evolution of 

the Buckskin-Rawhide detachment fault system, and 2) elucidate the 

mechanism(s) of deposition of the sedimentary breccias. 

Prior to this investigation, Tertiary sedimentary rocks in the study 

area had been subjected to relatively little detailed scrutiny. The deposits 

were locally mapped and/or described in previous studies by Lasky and 

Webber (1949), Shackelford (1976), Suneson (1980), Suneson and Lucchitta 
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(1983), Lucchitta and Suneson (1985, 1988, and unpublished mapping), 

Lucchitta (1990), Spencer and others (1989), Otton (1982, and unpublished 

mapping), and Yarnold (in press). Discussion of these reports is contained 

within the papers appended to this dissertation. 

The following appendices constitute the bulk of this dissertation. 

APPENDIX A consists of a manuscript entitled "Tertiary sedimentary rocks 

within the northern Rawhide and Artillery Mountains: Insights into 

paleogeographic evolution during displacement along the Buckskin

Rawhide detachment fault system" (I am sole author). In this report, I 

present the results of geologic mapping as well as paleocurrent and 

provenance investigations of sedimentary rocks in the study area, and 

discuss a tectonic model for basin evolution. The manuscript has been 

submitted for consideration for publica tion in the Geological Society of 

America Bulletin. 

APPENDIX B consists of a manuscript entitled "Rock-avalanche 

characteristics in dry climates and the effect of flow into lakes: Insights 

from mid-Tertiary sedimentary breccias near Artillery Peak, Arizona" (I am 

sole author). This paper synthesizes criteria pertinent to distinguishing 

various types of mass flows, and applies these criteria to the sedimentary 

breccia deposits in the Artillery Peak area. In addition, some excellently 

exposed breccia bodies are described that elucidate previously undescribed 

effects resulting from submersion of initially dry flows. The manuscript 

has been accepted for publication in the Geological Society of America 

Bulletin, but has not been published at the time of compilation of this 



dissertation. Copyright has not been transferred, and no permissions are 

required. 
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APPENDIX C consists of a map entitled "Preliminary geologic map of 

Tertiary sedimentary rocks in the northern Rawhide Mountains, Mohave 

County, Arizona." I included as second author on this document B. J. 

McDaniel, who acted as my field assistant and did a mapping-oriented 

senior thesis project under my supervision. The document has been 

published as an Arizona Geological Survey Contributed Map (CM-92-B; 

scale 1:18,000); a permission page preceedes the appendix. 
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The methods, results and conclusions of this study are presented in 

the documents appended to this dissertation. The following is a summary 

(excerpted and modified from Appendices A and B) of the most important 

elements of these documents. 

Initial analysis of sedimentary rocks in the upper plate of the 

Harcuvar core complex involved detailed measurement of reference 

sections within the four homoclines exposed in the study area. Lithologic 

units were then mapped in the western part of the study area at 1:18,000 

scale to discern lateral thickness and facies changes. Sedimentary rocks in 

the eastern part of the study area were mapped previously by Spencer and 

others (1989), and their maps were field-checked and revised by the author. 

Paleocurrent data were collected from clast imbrications, and 

compositional clast counts were were performed using a standard I-m 

diameter circle as sample area. In addition, all sedimentary breccia bodies 

mappable at 1:24,000 scale in the Artillery Peak area were mapped in the 

field. The sedimentary characteristics of all exposures containing good 

outcrops were investigated in detail. 

Geologic mapping and sedimentary analyses reveal a complex 

paleogeographic history during displacement along the Buckskin-Rawhide 

detachment fault system, involving shifting sediment-source areas and 

multiple drainage reversals. Within the study area, four sedimentary 

sequences cap separate upper-plate fault blocks, and display fanning dip 
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relationships indicating tilting during deposition. During movement 

along the detachment fault system, upper-plate sedimentation was 

intermittently confined to separate half-graben sub-basins; at other times, 

aggradation outstripped displacement of upper-plate faults, burying ridges 

separating sub-basins and permitting free-flowing drainage. 

Sedimentary rocks within the study area are divided into four 

assemblages that can be correlated between fault blocks on the basis of 

lithologic similarity, stratal position, provenance, paleocurrent data, and 

sparse geochronologic constraints. The basal assemblage consists of 

lacustrine rocks and low-energy fluvial sediments derived from the 

granitic terrane underlying and surrounding the northern part of the study 

area; these sediments were deposited during the earliest stages of tilting of 

upper-plate fault blocks, and (perhaps) displacement along the Buckskin

Rawhide detachment fault system. The overlying lower assemblage 

consists of a heterogeneous sequence of strata dominated by fine-grained 

lacustrine deposits but also including sandy conglomerate and breccia. 

During deposition of the lower assemblage, mass-flow-dominated alluvial 

fans were shed from source areas consisting mainly of Mesozoic and 

Paleozoic rocks exposed to the south of the study area; these source areas 

may have been associated with the breakaway fault of the detachment 

system, or with fault blocks stranded above structurally elevated portions 

of the footwall. Tilting of fault blocks within the hanging wall continued 

during deposition of the lower assemblage and strongly affected both 

dispersal patterns and lithofacies distributions; lacustrine sediments were 

deposited mainly within large, deep sub-basins, and with few exceptions, 
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lower-assemblage streams followed half-graben axes. The middle 

assemblage consists of conglomerate and sandstone deposited by an 

extensive south-directed stream system; associated streams probably flowed 

off undistended portions of the hanging wall, across extended portions, and 

locally onto the footwall. Tilting of upper-plate fault blocks continued 

during deposition of the middle assemblage, but rapid burial of associated 

escarpments permitted relatively unobstructed southward drainage. The 

upper assemblage consists of sandy conglomerate deposited by a northeast

directed system of broad, shallow streams; northeasterly flow of this system 

appears to have been relatively unobstructed, even during the early stages 

of deposition when some fault blocks were still undergoing rotation. 

Upper-assemblage deposits display a variety of clast types, including 

Tertiary mylonitic, sedimentary, and volcanic rocks that were eroded from 

the upwarped footwall of the core complex and overlying klippen. 

Many of the sedimentary breccias contained within the lower 

assemblage in the Artillery Peak area appear to have been deposited by rock 

avalanches under dry climatic conditions. Rock-avalanche deposits 

commonly can be distinguished from their similar counterparts, debris

flow deposits, based on their greater thickness, maximum clast size, surface 

topography, and associated disruption of the substrate; rock-avalanche 

deposits typically also display a greater degree of clast support, clast 

angularity, and clast fracturing, and they preserve much of the initial order 

present within their parent blocks. In addition, internal, laterally 

discontinuous slip surfaces are common within rock-avalanche lobes, and 



their associated matrix materials tend to be dominated by coarse sand and 

granules. 
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The Artillery megabreccia body, exposed southwest of Artillery Peak, 

is sufficiently large that it may represent the deposit of a sturzstrom event 

and displays features (for example, intense deformation of substrate 

materials) commonly associated with such lobes. Some stratigraphically 

lower rock-avalanche deposits (exposed in the same area) that are 

interbedded with lacustrine sediments represent initially subaerial lobes 

that tlowed into lakes. These breccia bodies locally are intruded by 

substrate-derived injection structures that were generated in association 

with liquefaction of the lakebed. Portions of avalanche lobes subjected to 

contamination by substrate-derived mud display evidence for decreased 

shear strength. Such mud contamination was initially concentrated along 

the bases of lobes but affected a progressively greater proportion of the 

flows with increasing subaqueous runout. Rock-avalanche lobes that 

underwent thorough contamination behaved as slow-moving slurry-like 

flows that experienced internal cycling of debris. 
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Figure 1. Simplified geologic map of area surrounding northern part of the 
Harcuvar core complex in western Arizona (modified from Spencer and 
Reynolds, 1991); western part locally modified after Suneson (1980) and 
mapping summarized in this report. Study area is outlined; detailed map 
shown in Fig. A2. Bold dashed line indicates approximate position of 
structurally highest thrust within Maria fold and thrust belt that separates 
areas dominated by Precambrian crystalline basement to the north from 
more varied basement lithologies to the south (taken from Spencer and 
Reynolds, 1990). Locations are shown for Artillery Peak (Art), Eagle Point 
(Eag), Potts Mountain (Pot), mouth of Centennial Wash (Cen), Rankin 
Ranch (Ran), Government Wash Fault (GWF), and Sandtrap Wash Fault 
(SWF). Excerpted from Appendix A. 
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APPENDIX A 

TERTIARY SEDIMENTARY ROCKS WITHIN THE NORTHERN 

RAWHIDE AND ARTILLERY MOUNTAINS: INSIGHTS INTO 

PALEOGEOGRAPHIC EVOLUTION DURING DISPLACEMENT ALONG 

THE BUCKSKIN-RAWHIDE DETACHMENT FAULT SYSTEM 

Abstract 

Geologic mapping and analysis of Oligocene-Miocene sedimentary 

rocks in the upper plate of the Buckskin-Rawhide detachment fault system 

(west-central Arizona) reveal a complex paleogeographic history during 

fault displacement, involving shifting sediment-source areas and multiple 

drainage reversals. Within the study area, four upper-plate fault blocks are 

capped by homodinal sedimentary sections that display fanning dip 

relationships indicating concurrent tilting and sedimentation. During 

deposition of these sedimentary rocks, upper-plate sedimentation was 

intermittently confined to separate half-graben, while at other times rapid 

rates of aggradation relative to fault-displacement resulted in burial of 

ridges separating sub-basins. 

Four sedimentary assemblages recognized within the study area can 

be correlated between fault blocks on the basis of lithologic similarity, 

stratal position, provenance, paleocurrent data, and sparse geochronologic 

constraints. The basal assemblage consists of lacustrine rocks and 

interfingering fluvial strata composed of detritus derived from the granitic 
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terrane surrounding the northern part of the study area; these sediments 

were deposited during the earliest stages of tilting of upper-plate fault 

blocks, and inferred displacement along the Buckskin-Rawhide 
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detachment fault system. The overlying lower assemblage consists of fine

grained lacustrine deposits, sandy conglomerate and breccia. During lower

assemblage deposition, mass-flow-dominated alluvial fans were shed from 

source areas consisting mainly of Mesozoic and Paleozoic rocks exposed to 

the south of the study area; these source areas may have been associated 

with the breakaway fault of the detachment system, or with fault blocks 

stranded above structurally elevated parts of the footwall. Tilting of fault 

blocks continued during deposition of the l.ower assemblage and strongly 

affected dispersal patterns and lithofacies distributions; lacustrine 

sediments were deposited mainly within large, deep sub-basins and, with 

few exceptions, lower-assemblage streams followed half-graben axes. The 

middle assemblage consists of conglomerate and sandstone deposited by an 

extensive south-directed stream system that probably flowed off 

undistended parts of the hanging wall, across extended parts, and locally 

onto the footwall. Tilting of upper-plate fault blocks continued during 

middle-assemblage deposition, but rapid burial of escarpments by 

sedimentation permitted relatively unobstructed southward drainage. 

The upper assemblage consists of sandy conglomerate deposited by a 

northeast-directed system of broad, shallow streams; these deposits display 

a variety of clast types, including Tertiary mylonitic, sedimentary, and 

volcanic rocks that were eroded from the upwarped footwall of the core 

complex and overlying klippen. Upper-assemblage streams maintained 



l 

relatively consistent northeasterly flow, even during the early stages of 

deposition when some fault blocks were still undergoing rotation. 

Introduction 

24 

In this report, I present the results of new geologic mapping as well 

as paleocurrent and provenance investigations of sedimentary rocks in the 

study area, and discuss a tectonic model for basin evolution. 

The study area lies within the distended upper plate of the Buckskin

Rawhide detachment fault; this fault separates brittlely deformed hanging

wall rocks from subhorizontally foliated Tertiary mylonites exposed within 

the Harcuvar metamorphic core complex (Fig. Al). Breakup of the upper 

plate occurred during Oligocene-Miocene displacement along the 

detachment fault system, and resulted in formation of a field of northwest

striking structural blocks, tilted to the southwest, consisting mainly of 

Proterozoic crystalline rocks. Dismemberment of the upper plate decreases 

to the northeast of the study area, and dies out into the Transition Zone of 

central Arizona. Sediments deposited during tilting in intervening half

graben now dip to the southwest and record the changing upper-plate 

structure and paleogeography associated with the evolving detachment 

terrane. This report focuses on four such homoclinal sedimentary sections 

exposed in the northern Rawhide and central Artillery Mountains (Fig. 

A2). 



25 

The study area was selected for detailed sedimentary investigations 

because the upper plate locally contains homoclinal sedimentary sections 

that are well exposed and minimally deformed. Lithofacies analysis of 

sedimentary rocks involved detailed measurement of reference sections 

within the four homoclines exposed within the study area. Lithologic 

units were then mapped in the western part of the study area at 1:18,000 

scale (Yarnold and McDaniel, 1992) to discern lateral thickness and facies 

changes. Sedimentary rocks in the eastern part of the study area were 

mapped previously by Spencer and others (1989a), and their maps were 

field-checked and revised by the author. Paleocurrent data were collected 

from clast imbrications, and compositional clast counts were were 

performed using a standard 1-m diameter circle as sample area. 

Before breakup of the upper plate, Paleozoic and Mesozoic 

sedimentary rocks were stripped from the region surrounding the present

day Harcuvar core complex, except to the south where such strata were 

tectonically buried within the Maria fold and thrust belt of late Mesozoic 

age (Spencer and Reynolds, 1990); the present-day approximate trace of the 

northernmost fault in this fold and thrust belt is shown in Figure AI. This 

structural and lithologic boundary provides a useful constraint for 

deciphering sediment-dispersal patterns during subsequent basin 

evolution. 

Tertiary sedimentary deposits exposed within the study area were 

locally mapped and/or described in previous studies by Lasky and Webber 

(1949), Shackelford (1976), Suneson (1980), Suneson and Lucchitta (1983), 

Lucchitta and Suneson (1985, 1988, and unpublished mapping), Lucchitta 
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(1990), Spencer and others (1989a), Otton (1982, and unpublished mapping), 

and Yarnold (in press, a and b). 

Structural Configuration 

The study area borders the northernmost trace of the Buckskin

Rawhide detachment fault which encircles the broadly trapezoidal 

Harcuvar core complex (Fig. AI). The Buckskin-Rawhide fault was 

interpreted by Spencer and Reynolds (1991) as the structurally highest of 

three imbricate detachment faults that jointly accommodated over 80 km 

of extension within west-central Arizona. The minimal change in 

metamorphic grade of mylonites below the detachment fault and the 

Tertiary cooling history across the Buckskin and Rawhide Mountains 

suggest that the Buckskin-Rawhide fault had a shallow-dipping initial 

geometry, though it may have had a steeper orientation where it crossed 

seismogenic depths (Spencer and Reynolds, 1991). Recent investigations of 

the Buckskin-Rawhide detachment fault in the Rankin Ranch area (Ran, 

Fig. AI) led Scott and Lister (1992) to conclude that the fault operated at a 

low angle even at shallow crustal levels, and that it had a complex form 

(involving multiple splays) during displacement. 

In an alternative interpretation of the Harcuvar core complex, 

Lucchitta (1990) suggested that the Buckskin-Rawhide detachment 

originally represented a critical surface within a thermal front that 

emanated from a hot spot; this thermal surface separated rocks undergoing 
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brittle extension from underlying rocks that were deforming ductilely, and 

need not have accommodated large-scale displacement. The critical surface 

was stabilized for a period of time at the base of the circulation zone of 

meteoric ground water, and synchronous updoming of the area overlying 

the hot spot occurred due to heating and injection of mantle basalts into 

the lower and middle crust. Although not discussed in detail by Lucchitta 

(1990), if shear were to occur along the thermal surface described in this 

model, it would likely accommodate movement of brittle materials 

radially away from the upbowing core complex; this contrasts with the 

strongly unidirectional kinematic fabrics in the lower plate of the Harcuvar 

metamorphic core complex (Spencer and Reynolds, 1989; Reynolds and 

Lister, 1990; Shackelford, 1989). The model presented by Lucchitta (1990) is 

also inconsistent with paleobarometric data from core complexes in the 

Mojave-Sonoran region (Anderson, 1988), which generally indicate far 

greater depths of mylonitization for footwall rocks than the ",2 km depth 

(corresponding to the base of the meteoric-ground-water circulation zone) 

predicted by the model. Specifically, in the Whipple Mountains, the 

average estimated pressure during mylonite formation was 4.4. ± 1.1 kb 

(paleodepth'" 11-19 km; Anderson, 1988), and structural studies have 

shown that the Whipple and Buckskin-Rawhide detachment systems are 

probably correlative (Spencer and Reynolds, 1990). For these reasons, 

models for core-complex evolution involving crustal-scale shear zones 

with major displacement are favored in this report. 

Within the study area, four southwest-tilted homoclines composed 

of Tertiary sedimentary and volcanic rocks and underlying basement crop 
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out in northwest-trending belts. The strata are mostly of Miocene age, but 

age constraints are not tight. Each homo cline and the belt of basement 

rocks that it overlies may be grouped into a panel (panels A-D, Fig. A2). 

The four panels in the study area likely represented separate tilt blocks 

during displacement along the Buckskin-Rawhide detachment fault 

system, since the associated sedimentary sections display: 1) abrupt 

thickness and lithofacies contrasts between panels; and 2) tilting histories 

that differ somewhat between panels (discussed below). Faults bounding 

these blocks locally have been dismembered by late-Tertiary normal 

faulting or buried by post-rotational basin fill, but bounding faults are 

inferred to be confined to the upper plate of the Buckskin-Rawhide 

detachment fault, and to be kinematically related to movement along the 

detachment-fault system. 

In the case of panel A, the northeast-dipping normal fault bounding 

the southwest side of the tilt block is likely buried beneath late Tertiary 

basin fill (upper-assemblage deposits) in the southwest corner of the study 

area. The northwest-trending horst block (H, Fig. A2) in that vicinity may 

represent an exhumed portion of its footwall block. Fault Q (Fig. A2) may 

represent the bounding fault that separated panels A and B during mid

Tertiary tilting; however, Tertiary strata lack escarpment-derived debris 

where they intersect the structure, and the fault displays an unusually steep 

orientation to have accommodated significant "domino-style" rotation of 

adjacent tilt blocks. It is possible, therefore, that fault Q represents a late 

Tertiary structure, and that the actual bounding fault separating panels A 

and B lies buried beneath Tertiary deposits north of fault Q, and has been 
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exhumed from the footwall block south of the fault (Fig. A3). In the case of 

panel C, the fault presently exposed along its southwest edge likely 

represents the same structure that bounded the block during mid-Tertiary 

tilting, except for the east-west-striking segment near Potts Mountain (Pot, 

Fig. A2) which is interpreted to represent a splay formed during a late

Tertiary episode of reactivation. A later origin for this east-west segment is 

favored due to the absence of escarpment-derived debris within Tertiary 

strata where they intersect the fault. In the case of panel D, the fault 

bounding the southwest portion of the tilt block probably lies buried 

beneath late Tertiary basin fill to the east of the Sandtrap Wash Fault (SWF, 

Fig. A2), and it was probably removed by erosion from the footwall block of 

this structure. The fault bounding the northeast edge of the tilt block may 

be exposed in the vicinity of Government Wash (GWF, Fig. A1), southwest 

of the Poachie Mountains (Bryant, 1988). Faults bounding tilt blocks within 

the study area are interpreted to have approximately planar geometries at 

depth, because the basal contacts of Tertiary homoclines do not steepen to 

the northeast across the panels, as would be predicted for listric fault 

geometries (Wernicke and Burchfiel, 1982). 

The Tertiary homoclines wi thin panels A and B are juxtaposed to 

the southeast with pre-Tertiary basement rocks. These basement-blocks are 

generally bounded by high-angle normal faults that truncate all Tertiary 

strata present (except locally for upper-assemblage deposits), but apparently 

do not offset the Buckskin-Rawhide detachment fault. These normal faults 

may have formed during late-stage tectonic uplift of the northwest edge of 

the Harcuvar metamorphic core complex. 
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Stratigraphy 

For the purpose of description, Tertiary strata in the northern 

Rawhide and Artillery Mountains are divided into four assemblages (Fig. 

A4) that are defined according to their provenance and stratal position. 

Detritus in the basal assemblage was derived from the granitic terrane 

within and surrounding the northern part of the study area, most of the 

debris in the overlying lower assemblage was derived from outcrops of 

Mesozoic metamorphic rocks to the south and west, clasts within the 

middle assemblage were derived from a varied crystalline terrane lying to 

the north of the area under investigation, and upper-assemblage detritus 

was derived from a source area to the southwest that included the 

unroofed Harcuvar metamorphic core complex. Individual units were 

previously described by Yarnold (in press, a) and mapped at 1:18,000 scale in 

the northern Rawhide Mountains (Yarnold and McDaniel, 1992; see also 

Table A1). Correlations between panels were made on the basis of 

lithologic similarity, stratal position (Fig. A4), provenance (Table A2), 

paleocurrent data (Fig. AS), and sparse geochronologic constraints. 

Intercalated volcanic rocks have yielded radiometric ages ranging from 

about 26.6 Ma to 23.0 Ma within the basal assemblage, 19.2 Ma to 15.5 Ma 

within the middle assemblage, and 13.7 Ma to 9.2 Ma within the upper 

assemblage (detailed age data discussed below). 
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Basal assemblage (units 1 and 2) 

Description 

The basal assemblage is internally conformable and overlies a deeply 

weathered erosion surface that displays little relief. 

The lowermost unit in the basal assemblage (unit 1; Fig. A4) is 

present in all panels and consists of 65 to 190 m of granular sandstone and 

conglomerate. The deposits comprising unit 1 appear to be chiefly fluvial 

in origin, although constituent pebbles and granules are typically 

subangular. The unit consists almost entirely of debris derived from 

crystalline rock types strongly resembling the Precambrian Signal Granite 

(Lucchitta and Suneson, 1982), and quartzite (Table A2), except in the 

southeast part of panel A, where a significant amount of Mesozoic 

metamorphic detritus is also present. The unit does not display significant 

variations in texture or thickness across the study area, although it thins 

somewhat to the northwest in panel C. Due to the equant character of 

constituent pebbles and the low-angle orientation of cross-laminae, no 

reliable paleocurrent data were obtained from unit 1. 

In panels A, Band 0, unit 1 fines and grades upward into 

fluviolacustrine strata (unit 2, Fig. A4) in which tuffaceous detritus is 

common. Unit 2 is relatively thin in blocks A and B and is capped by a 

sequence of lacustrine limestone containing silicified rootlets. In block 0, 

the unit consists of a thick sequence of thin-bedded lacustrine mudstone 

and sandstone, and contains an interbedded silicic tuff that has yielded ages 

ranging from 23.0 Ma to 26.57±0.15 Ma (see Yarnold, in press, a, for 
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references). Unit 2 appears to be represented in panel C by a thin sequence 

of limestone, siltstone and pebbly sandstone exposed near Potts Mountain 

that pinches out to the northwest. In all panels, packages of beds within 

unit 2 are traceable over distances of several miles. Pebbly lithofacies reflect 

the same provenance as subjacent strata except in the stratigraphically 

uppermost portion of the unit where Mesozoic metamorphic detritus is 

also locally present. 

Paleogeographic interpretations 

The angular and nearly monolithologic nature of fluvial detritus in 

units 1 and 2 suggests that it was derived from the terrane dominated by 

Signal Granite within and surrounding the northern part of the study area. 

There is evidence for tilting on the order of ",,5° (in panels A, Band 

D) during deposition of the basal assemblage (Fig. A6); accordingly, these 

strata were likely deposited within distinct half-graben sub-basins. The 

similarity of the assemblage between panels is thus believed to be mainly a 

consequence of similar conditions controlling sedimentation in each half

graben, and crudely synchronous tilting of all half-graben. With initial 

tilting, unit 1 was shed from the upthrown sides of blocks into nearby sub

basins (Fig. A7). In all parts of the study area, this detritus consisted of 

granitic debris derived from Proterozoic crystalline rocks, except in the 

southeast portion of panel A, where the upper-plate basement includes 

other rock types including Mesozoic metamorphic rocks. Infilling of 

shallow basins locally may have permitted formation of low-energy 

drainage systems (probably south-directed) with limited areal extents. 
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With further tilting of the blocks, the half-graben became progressively 

inundated by lake water, perhaps as a result of ponding associated with 

deepening of the sub-basins. Sedimentation during inundation produced 

the fining-upward sequence observed in the basal assemblage within all 

panels. Southeastward thickening of the basal assemblage in panel C may 

reflect differential (that is, southeast-increasing) displacement along the 

bounding fault separating panels C and B during this initial stage of upper

plate extension. 

Lower assemblage (units 3-7) 

Description 

The lower assemblage concordantly overlies underlying strata and 

lacks laterally extensive, internal angular unconformities. Clasts within 

breccias and conglomeratic facies consist primarily of Mesozoic 

metavolcanic and metasedimentary rocks and quartzite (Table A2); clasts of 

gneissic composition are also present in unit 5 within panel C. In addition, 

the assemblage is locally capped in panels Band D by breccia bodies 

composed mainly of Proterozoic(?) granitic and gneissic debris; these bodies 

are grouped with the lower assemblage rather than with overlying strata 

on the basis of provenance similarities. 

The lowermost unit in the assemblage (unit 3; Fig. A4) is recognized 

in panels A, Band 0 as approximately 130 to 160 m of fluvial sandstone 

and conglomerate with rounded ellipsoidal clasts. Tuffaceous zones are 

abundant in the unit, and pebbly facies are common in panels A and B, but 
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are sparse in panel D. Paleoflow patterns within unit 3 are complicated. 

Northeasterly flow is indicated in the eastern part of panel Bi elsewhere, 

however, flow vectors are subparallel to the structural trend of the panels, 

but are locally directed both northwest and southeast (Fig. AS). 

Units 4-6 (Fig. A4) consist of fluviolacustrine rocks and interbedded 

sedimentary breccias, and display significant lithofacies variations both 

within and across panels. Unit 4 consists of marginal lacustrine deposits, 

and is recognized in panel D (::::175 m thick) where it contains both 

turbidite-rich lithofacies and algal features, and in panel B (::::270 m thick) 

where it interfingers southeastward with sandy conglomerate and breccia 

that forms unit 5. Unit 4 is absent in panel C, and is represented in panel A 

by lacustrine deposits present only near the western boundary of the study 

area. 

Unit 5 (Fig. A4) occurs in panels A, Band C as laterally persistent 

(over 5 km) wedges and sheets of sedimentary breccia that locally contain 

pebbly fluvial and rare lacustrine interbeds. In panel A, unit 5 is over 

450 m thick, and directly overlies unit 3. In panel B, the unit expands 

eastward from a thickness under 300 m to well over twice that value. In 

the western part of panel C, unit 5 directly overlies unit 1 and is about 

420 m thick, although unit 2 is locally present and unit 5 appears 

significantly thinner in the eastern part of the panel. Deposits within unit 

5 are commonly amalgamated and exhibit maximum fragment sizes 

ranging from a few meters to tens of meters; the breccias appear to have 

been deposited by debris flows, rock avalanches and high-energy streams. 

Reconnaissance estimates of the composition of unit 5 indicate that in 
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panels A and B, the unit consists =20-90% by volume of mass-flow deposits 

(that is, poorly sorted, structureless conglomerates and breccias), with the 

remainder consisting mainly of fluvial deposits; in panel C, nearly all 

exposures of the unit appear to be of mass-flow origin. Paleocurrent data 

extracted from conglomeratic facies within unit 5 indicate a northwesterly 

dispersal direction subparallel to the structural trend of the panels (Fig. A5). 

This dispersal direction is consistent with the cross-sectional geometry of 

unit 5 in panel B, which thickens to the southeast at the expense of units 4 

and 6 (Fig. A4). 

The architecture of unit 5 in panels A, Band C contrasts with that of 

the unit in panel D, where discrete pods of breccia are contained within a 

section (=750-1000 m thick) dominated by fluviolacustrine strata (Fig. A4). 

Transport indicators locally derived from the breccias in panel 0 suggest 

northerly paleoflow, and separate bodies appear to represent deposits of 

submerged as well as subaerial debris flows and rock avalanches (Yarnold, 

in press, b). The sedimentary sequence enveloping the breccias consists of 

marginal lacustrine deposits and subordinate fluvial sediments that display 

mainly northerly and westerly paleocurrent indicators (Fig. AS). 

Unit 6 (Fig. A4) occurs in panels A, Band C as a package of fine

grained fluviolacustrine rocks, 40-160 m thick, overlying the wedges of 

breccia present in those panels. The unit is dominated by lacustrine and 

marginal lacustrine lithofacies, and locally contains gypsiferous interbeds. 

In panel B, lacustrine facies within unit 6 interfinger southeastward with 

breccia and conglomerate similar (that is, in terms of fabric, composition 

and paleocurrents) to that described in unit 5; in detail, these lithofacies are 
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separated by an interval of red pebbly sandstone that is also present along 

the top of the local sedimentary section. In panel D, unit 6 is not clearly 

separable from unit 5, but is likely represented by the upper portion of the 

breccia-hosting sedimentary sequence. The upper part of this sequence 

displays a westward facies transition to a section dominated by red pebbly 

sandstone, which exhibits northerly and westerly paleocurrent indicators 

and is lithologically similar to the sandstone described in unit 6 within 

panel B. 

Unit 7 (Fig. A4) is recognized in block D as the Artillery megabreccia 

of Spencer and others (1989a). This breccia body is about 80-120 m thick and 

extends for 8.5 km along strike; its basal contact appears to be generally 

concordant with, but disruptive to underlying strata. Breccia fabrics range 

from matrix-supported to interlocking, with zones of shattered but 

relatively coherent parent rock ranging up to tens of meters in maximum 

dimension. The mass is dominated by debris derived from Precambrian 

granitic and gneissic rock types that are rarely observed in clast populations 

within underlying conglomerates, but it also contains debris derived from 

Mesozoic and Paleozoic metamorphic rocks in its western portions. The 

body is interpreted to represent one or more large rock-avalanche lobes, 

and features along its basal contact indicate a ""N300E paleotransport 

direction (Yarnold, in press, b). A texturally and compositionally similar 

breccia deposit present in panel B near the eastern boundary of the study 

area may correlate with unit 7 in panel D. Stratigraphic relationships in 

this part of panel B (not summarized in Fig. A4) are severely complicated 
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by local structure, but the breccia deposit appears to overlie conglomerate of 

unit 5 with angular unconformity, and to underlie unit 10. 

Paleogeographic interpretations 

Paleodispersal data from the lower assemblage indicates that a source 

area composed mainly of Mesozoic metamorphic rocks was located to the 

south of the study area. Precipitous escarpments fed avalanche- and debris

flow-dominated alluvial fans that prograded intermittently onto the tilt 

blocks in the study area (Fig. A7), which were actively rotating during 

sedimentation (Fig. A6). Since mass wasting (particularly rock-avalanche 

generation) occurs as a geologically instantaneous response to 

development of precipitous relief (in contrast to progradation of fluvial

dominated alluvial fans; Blair and Bilodeau, 1988), the marked absence of 

mass-flow deposits in underlying strata suggests that bold relief in the 

source area had not yet developed during deposition of the basal 

assemblage, or was present farther to the south. Upon inception of lower

assemblage sedimentation, detritus derived from the newly upraised 

source area overwhelmed that derived from Precambrian crystalline rocks 

within the study area, which may have been blanketed by coarse Tertiary 

deposits during ensuing aggradation. The absence of mylonitic detritus 

within the lower assemblage indicates that mylonitic rocks were probably 

not exposed to the south of the study area at the time of deposition. 

Fluvial paleocurrent vectors from the lower assemblage generally 

follow half-graben axes and are northwest-directed. Exceptions include 

flow vectors from unit 3 in panels A and B, and the upper part of the 
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assemblage in panel D (Pig. AS). Unit 3 paleocurrent vectors are northerly 

or northwesterly in the eastern parts of panels A and B, but are 

southeasterly in the western parts of those panels. This pattern may 

indicate that sediment dispersal was directed northward across integrated 

sub-basins during unit-3 deposition, with streams locally being diverted 

east or west by discontinuous ridges separating half-graben. In panel D, 

streamflow vectors associated with the lower part of the assemblage are 

mostly sub-parallel to the half-graben axis, but in the upper portion 

(samples from western part of panel D) flow vectors are generally 

northerly; this may reflect temporary establishment of an unobstructed 

north-directed drainage system after filling of the half-graben basin. 

Although paleoflow data are lacking from most bodies of sedimentary 

breccia, mass flows were probably similarly routed down half-graben axes, 

except where temporary infilling of sub-basins permitted northerly or 

northeasterly flow across tilt-block boundaries. 

Varia tions in architecture of the lower assemblage between panels 

(Pig. A4) can be explained largely in terms of differences in basin volume 

and the elevation of basin depocenters during deposition. For instance, the 

half-graben basin associated with panel C appears to have been small and 

elevated somewhat with respect to local base level, so that it was not 

subject to long-term ponding, and received deposits mainly from highly 

mobile mass flows. In contrast, the half-graben associated with panel B 

appears to have had a large volume and a low enough depocenter to be 

frequently occupied by lakes; consequently, the lower assemblage in this 

panel is relatively thick and includes lacustrine deposits as well as mass 
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flows. In addition, the distribution and paleoflow vectors (Fig. A5) of 

fluvial deposits suggest that lower-assemblage streams followed courses 

along the axes of deep half-graben basins. Differences in depocenter 

elevation and volume between basins were likely a function of the spacing 

and initial dip of upper··plate faults (Fig. A8). 

Detrital wedges within the lower assemblage generally contain a 

greater proportion of mass-flow deposits than do wedges contained within 

other assemblages represented in the study area. The propensity toward 

mass wasting during deposition of the lower assemblage probably was an 

expression not only of pronounced synchronous uplift, but also of the 

lithologic properties (for example, composition, brecciation) of the largely 

Mesozoic and Paleozoic source rocks (concentrated south of bold dashed 

line, Fig. AI), and their tendency to erode to form rugged topography. 

In panel 0, the lower assemblage is notable not only because of its 

great thickness, but also because of the paucity of mass-flow deposits; this 

paucity may be an indication that the site of deposition and the source area 

were separated by a distance that surpassed the transport capability of most 

mass flows. This distance was, however, clearly surpassed during transport 

of the Artillery megabreccia lobe (unit 7), which may well have exhibited 

the extreme mobility characteristic of sturzstrom flows (Yarnold, in press, b; 

Hsti,1975). Transport of this lobe also may have been facilitated by 

sedimentary infilling of topography within the runout course (reflected in 

paleocurrent data from panel D) prior to avalanche transport. The paucity 

of similar clast types within underlying strata suggests that the Artillery 
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megabreccia lobe and its equivalents in panel B were derived from parent 

rocks that were unroofed only shortly before mass-flow dispersal. 

Middle assemblage (unit 8) 

Description 

Unit 8 (Fig. A4) is present in panels B, C and D, and consists of brick

red to brown, locally manganiferous sandstone and cobble to boulder 

conglomerate in which tuffaceous detritus is common. Deposits appear to 

be chiefly fluvial in origin, although matrix-supported debris-flow 

interbeds are present in places. Dominant clast types include: Precambrian 

gneiss, granite, diabase and equigranular granodiorite; Mesozoic and 

Paleozoic metavolcanic and metasedimentary rocks; Tertiary silicic 

volcanic rocks and vesicular basalt; and local limestone and red arkosic 

sandstone of probable Tertiary age (Table A2). Large clasts derived from 

Precambrian crystalline rocks are typically sub-rounded to well rounded 

while those derived from Mesozoic metamorphic rocks are subangular to 

angular. Granules and coarse sand are typically subangular to angular and 

derived from crystalline rock types. The basal portion of the unit locally 

contains small bodies of breccia consisting of Mesozoic metamorphic 

debris. 

In panel C (Fig. A4), unit 8 is recognized as the Arkose of Keenan's 

Camp (Lucchitta and Suneson, 1988). The unit concordantly overlies unit 6 

(no correlate of Artillery megabreccia is present) and displays consistent 

southerly paleocurrent vectors (Fig. AS). Basalt underlying this unit in the 
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Castaneda Hills area is as young 16.5±O.2 Ma (K-Ar, whole rock; Suneson 

and Lucchitta, 1979), and silicic volcanic rocks overlying the arkose are as 

old as lS.l±O.l Ma (K-Ar, sanidine; Suneson and Lucchitta, 1979). At Potts 

Mountain (Pot, Fig. A2), a rhyolite plug intrudes unit 8; the plug has a K-Ar 

age of 12.6±0.1 Ma (sanidine; Suneson and Lucchitta, 1979). Basalts 

interbedded with conglomerate that is equivalent to the Arkose of 

Keenan's Camp just north of the confluence of the Bill Williams River 

and Mineral Wash (southwest of the study area) yielded isotopic ages of 

16.2 ±0.5 Ma and 15.5 ±0.7 Ma (Spencer and others, 1989b). 

In panel D (Fig. A4), unit 8 includes the Chapin Wash Formation 

(Lasky and Webber, 1949) and an underlying sequence of similar red beds 

mapped as upper Artillery Formation by Lasky and Webber (1949), and 

grouped with the Chapin Wash Formation by Shackelford (1976). Where 

unit 8 overlies the Artillery megabreccia, the basal portion of the unit 

locally exhibits pond lithofacies and angular fragments reworked from the 

breccia body; unit 8 directly overlies unit 6 where the mega breccia is absent. 

Paleocurrent vectors are southwest-directed near the northern boundary of 

the study area, but are south- to southeast-directed across the remainder of 

the panel (Fig. AS). A flow of basaltic andesite interbedded with sandstone 

that is equivalent to the Chapin Wash Formation in the vicinity of 

Palmerita Ranch (east of the study area) yielded an isotopic age of 19.2 ± 

0.7 Ma (Otton, 1982). 

Unit 8 is also recognized in panel B (not shown in Fig. A4), but its 

character and stratigraphic relationships are obscured by local faulting and 

poor exposure. In panel A, the unit was probably originally present, but 
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section by a strike-parallel fault. 

42 

Abundant outcrops that resemble unit 8 are present near the trace of 

the Buckskin-Rawhide detachment fault to the south of the study area. 

Paleocurrent and provenance data obtained from exposures near the 

mouth of Centennial Wash (Cen, Fig. AI) fall into two distinct groups: 

(a) outcrops that yield southerly paleoflow vectors display clast assemblages 

analogous to those observed in unit 8 within the study area, but 

(b) outcrops that yield northerly paleoflow vectors contain an additional 

clast component of mylonitic detritus derived from the Harcuvar core 

complex. Both types of exposures are locally cut by the Buckskin-Rawhide 

detachment fault. 

Paleogeographic interpretations 

Unit 8 is interpreted to have been deposited by a south-directed 

system of shallow, gravelly streams (Fig. A7). The presence of rounded 

clasts derived from a variety of crystalline rock types in unit 8 indicates that 

this stream system drained a large area that extended beyond the terrane 

dominated by Signal Granite surrounding the northern part of the study 

area. Angular blocks and breccia bodies derived from Mesozoic and 

Paleozoic metamorphic rocks that are contained within unit 8 were likely 

reworked from unit 5 deposits as middle-assemblage streams flowed over 

the underlying stack of sedimentary breccias; other lower-assemblage 

deposits probably supplied the clasts of Tertiary(?) limestone, arkosic 

sandstone and volcanic rocks present within unit 8. 
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In panel C, unit 8 paleoflow vectors are consistently oblique to the 

inferred half-graben axis (that is, the structural trend of the panel) despite 

the fact that the underlying tilt block appears to have undergone rotation 

during deposition (Fig. A6); this suggests that surface escarpments created 

during block rotation were buried rapidly enough that they did not have a 

significant influence on the south-directed flow of middle-assemblage 

streams (Fig. A7). A greater proportion of paleoflow vectors are axis

parallel in panel D, which appears to have experienced a period of 

pronounced tilting immediately before deposition of unit 8 (Fig. A6). The 

Artillery megabreccia body in panel D possibly represented a positive 

topographic feature during earliest unit 8 sedimentation, but was buried by 

ensuing aggradation. 

The presence of unit 8 deposits with southerly paleocurrent vectors 

near the mouth of Centennial Wash indicates that the middle-assemblage 

stream system extended beyond the exposed northwest corner of the 

Harcuvar core complex. Outcrops resembling unit 8 in this area, but 

exhibiting mylonitic clasts and northerly paleoflow vectors, possibly 

represent deposits of upper-assemblage streams that locally reworked unit 8 

sediments. 

Upper assemblage (unit 9) 

Description 

Unit 9 (Fig. A4) is present in panels A, Band D, and consists of a 

sequence of light brown to red fluvial conglomerate and silty sandstone. 
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Most exposures are thin- to medium-bedded and moderately well stratified, 

and broad, shallow channel-fills are locally discernible. Most clasts are less 

than 10 em in diameter, although boulders up to 1 m in maximum 

dimension are present in places. Clast imbrications are common and 

indicate a consistent northeasterly to northerly paleodispersal direction 

(Fig. AS). Dominant clast compositions include: Precambrian granite, 

gneiss, diabase and equigranular granodiorite; Mesozoic metavolcanic and 

metasedimentary rocks; quartzite and chloritic metamorphic rocks of 

unknown age; and mylonites similar to those present in footwall 

exposures within the Rawhide Mountains (Table A2). Additional clasts 

include silicic volcanic rocks, vesicular basalt, limestone and red sandstone 

of probable Tertiary age. In places, clasts composed of red pebbly sandstone 

clearly derived from unit 8 are present. Air-fall tuff beds and mesa-

forming basalt lava flows are interbedded in unit 9; the basalt flows have K

Ar ages ranging from 13.7 to 9.2 Ma (whole rock; Suneson and Lucchitta, 

1979). In block 0, unit 9 strata are locally separated from underlying 

deposits by a sequence of aphanitic lava flows (Cobwebb Basalt of Lasky and 

Webber, 1949); a sample from one flow has a K-Ar age of 13.3.±2.1 Ma 

(whole rock, Eberly and Sta.nley, 1978; recalculated by Reynolds and others, 

1986). The stratigraphically lowermost beds within unit 9 commonly 

display moderate dips and concordantly overlie deposits of unit 8, while 

upper strata are locally flat-lying and overlap faults separating tilt blocks to 

the west of the study area (Suneson, 1980). 
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Paleogeographic interpretations 

Upper-assemblage strata are interpreted to represent deposits of a 

northeast-directed system of broad, shallow streams (Fig. A7); this stream 

system drained an extensive area that included mylonites exposed south of 

the study area and surrounding exposures of Mesozoic metamorphic 

basement rocks. Erosion of basal-, lower-, and middle-assemblage deposits 

supplied sedimentary and volcanic debris to the stream system, as well as 

reworked clasts of crystalline composition. Net paleoflow of upper

assemblage streams was strongly oblique to half-graben axes, even in the 

early stages of unit 9 deposition when some tilt blocks appear to have 

undergone rotation (Fig. A6). Late-stage deposits within unit 9 appear to 

have been deposited after significant rotation of upper-plate fault blocks 

had ceased. 

Tectonic Model for Basin Evolution 

Paleogeographic information extracted from Tertiary deposits in the 

study area is interpreted in the context of the evolving Buckskin-Rawhide 

detachment system. Significant constraints on the evolution of the system 

have been supplied through previous investigations of lower- and upper

plate structure and upper-plate stratigraphy (for example, Spencer and 

Reynolds, 1989, 1991; Scott and Lister, 1992), and provide a framework for 

interpretation of data presented in this report. 
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A period of pronounced erosion, after Mesozoic shortening and 

before mid-Tertiary detachment faulting, bevelled the region surrounding 

the present-day Harcuvar core complex to a geomorphic surface of low 

relief. Mesozoic and Paleozoic sedimentary rocks were stripped during this 

erosion episode except where they lay tectonically buried beneath Mesozoic 

thrusts (Fig. AI). 

Aggradation of the basal assemblage (ages on intercalated volcanic 

rocks range from 26.6 Ma to 23.0 Ma) records the earliest stages of 

displacement along the Buckskin-Rawhide detachment fault system that 

resulted in breakup of the hanging wall. Initial upper-plate sedimentation 

was dominated by erosion of material from the uptilted sides of fault blocks 

and deposition in nearby half-graben (Fig. A7). Individual half-graben 

deepened with ensuing movement along the detachment system. With 

further displacement, lower-assemblage detritus was shed northward from 

upraised basement blocks consisting mainly of Mesozoic metamorphic 

rocks onto extending portions of the hanging wall. Associated streams 

were locally diverted along axes of upper-plate half-graben (Fig. A7). 

Probable sources for lower-assemblage detritus include: 1) footwall 

escarpments associated with the original breakaway fault of the Buckskin

Rawhide detachment fault system; and 2) upper-plate fault blocks, situated 

to the south of the study area, that were elevated above surrounding 

portions of the hanging wall. Upper-plate fault blocks may have become 

elevated as they were transferred from the hanging wall to the footwall, 

and stranded above near-surface portions of the lower plate. Such an event 

may have elevated the source block of the Artillery mega breccia and its 
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equivalents (Spencer and others, 1989a), exposing rock types that had been 

buried when the block was in its upper-plate position. Downward rotation 

of block D following relative southwestward transport of the source block 

may have been responsible for the pronounced tilting episode reflected in 

dip data from panel D (Fig. A6). 

Alternatively, it is possible that lower-assemblage detrital wedges 

were shed from fault scarps bounding tilt blocks within the extending 

hanging wall, where such escarpments contained Mesozoic and Paleozoic 

basement rocks. Since detritus derived from Signal Granite is very rare in 

lower-assemblage clast populations, this interpretation requires an extreme 

lithologic control on sediment production during deposition, with 

Mesozoic and Paleozoic rocks exposed along escarpments supplying 

voluminous debris and granitic exposures supplying little or no debris. 

With this interpretation, it is also difficult to understand why sediment 

production from upper-plate escarpments terminated during deposition of 

the middle assemblage, when fault-block rotation continued at an average 

or accelerated rate (Fig. A6). For these reasons, it is considered most likely 

that lower-assemblage detritus was shed from a source (that is, breakaway

fault scarp or stranded fault block) to the south of the extending hanging 

wall, and that basement rocks within the upper plate of the study area 

contributed little or no debris during deposition. 

The termination of deposition of lower-assemblage detrital wedges 

probably reflects the removal of high-relief escarpments at the southern 

edge of the hanging wall, either by erosion or tectonic transport to the 

southwest as stranded tilt blocks were displaced with the footwall. Ensuing 
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establishment of a south-directed fluvial system (ages on volcanic rocks 

interbedded with fluvial deposits range from 19.2 Ma to 15.5 Ma) suggests 

that in the absence of high relief to the south, the dominant 

paleogeographic feature controlling sediment dispersal became the surface 

slope of the hanging wall; streams drained undistended portions of the 

upper plate and flowed over extending portions (Fig. A7). Such streams 

may have also flowed onto the footwall which was still being unroofed, 

and probably formed a gentle, relatively low-elevation terrane punctuated 

by isolated upper-plate klippen. Mylonites may have been exposed within 

the lower plate at this time, but were not sufficiently elevated to supply 

significant amounts of detritus to middle-assemblage deposits. The stream 

system responsible for deposition of the middle assemblage is typical of 

contemporaneous drainages along the Transition Zone, which flowed off 

the Colorado Plateau after mid-Tertiary crustal extension (Pierce and 

others, 1979; Elston and Young, 1991). 

In the final stages of displacement along the Buckskin-Rawhide 

detachment fault system, upper-assemblage detritus (ages on intercalated 

volcanic rocks range from 13.7 Ma to 9.2 Ma) was shed northeastward from 

the uplifted mylonitic footwall onto the upper plate which was still locally 

undergoing extension (Fig. A7). Erosion of klippen overlying the footwall 

contributed Tertiary sedimentary and volcanic debris as well as additional 

clasts derived from upper-plate basement rocks. Re-establishment of 

north-directed drainage during deposition of this assemblage suggests that 

positive topographic relief was created to the south of the study area, 



perhaps in association wi th late-stage isostatic upwarping of the denuded 

footwall (for example, Spencer, 1984). 

Conclusion 
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Geologic mapping and analysis of Oligocene-Miocene sedimentary 

rocks in the Rawhide and Artillery Mountains reveal a complex 

paleogeographic history during displacement along the Buckskin-Rawhide 

detachment fault system, involving shifting sediment-source areas and 

multiple drainage reversals. Within the study area, four sedimentary 

sequences cap separate upper-plate fault blocks, and display fanning dip 

relationships indicating tilting during deposition. During movement 

along the detachment fault system, upper-plate sedimentation was 

intermittently confined to separate half-graben sub-basins; at other times, 

aggradation outstripped displacement of upper-plate faults, burying ridges 

separating sub-basins and permitting free-flowing drainage. 

Sedimentary rocks within the study area are divided into four 

assemblages that can be correlated between fault blocks on the basis of 

lithologic similarity, stratal position, provenance, paleocurrent data, and 

sparse geochronologic constraints. The basal assemblage consists of 

lacustrine rocks and low-energy fluvial sediments derived from the 

granitic terrane underlying and surrounding the northern part of the study 

area; these sediments were deposited during the earliest stages of tilting of 

upper-plate fault blocks, and (perhaps) displacement along the Buckskin-
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Rawhide detachment fault system. The overlying lower assemblage 

consists of a heterogeneous sequence of strata dominated by fine-grained 

lacustrine deposits but also including sandy conglomerate and breccia. 

During deposition of the lower assemblage, mass-flow-dominated alluvial 

fans were shed from source areas consisting mainly of Mesozoic and 

Paleozoic rocks exposed to the south of the study area; these source areas 

may have been associated with the breakaway fault of the detachment 

system, or with fault blocks stranded above structurally elevated portions 

of the footwall. Tilting of fault blocks within the hanging wall continued 

during deposition of the lower assemblage and strongly affected both 

dispersal patterns and lithofacies distributions; lacustrine sediments were 

deposited mainly within large, deep sub-basins, and with few exceptions, 

lower-assemblage streams followed half-graben axes. The middle 

assemblage consists of conglomerate and sandstone deposited by an 

extensive south-directed stream system; associated streams probably flowed 

off undistended portions of the hanging wall, across extended portions, and 

locally onto the footwall. Tilting of upper-plate fault blocks continued 

during deposition of the middle assemblage, but rapid burial of associated 

escarpments permitted relatively unobstructed southward drainage. The 

upper assemblage consists of sandy conglomerate deposited by a northeast

directed system of broad, shallow streams; northeasterly flow of this system 

appears to have been relatively unobstructed, even during the early stages 

of deposition when some fault blocks were still undergoing rotation. 

Upper-assemblage deposits display a variety of clast types, including 
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Tertiary mylonitic, sedimentary, and volcanic rocks that were eroded from 

the upwarped footwall of the core complex and overlying klippen. 

It is interesting that the period of accentuated upper-plate extension 

indicated by the pronounced tilting episode in panel D (Fig. A6) coincided 

with the cessation of north-directed fan sedimentation and the inception of 

southerly surface slopes that permitted extensive southerly drainage across 

the distended upper plate. This correlation may be an expression of the 

mechanical effect of increasing taper on extensional wedges overlying 

active low-angle faults, as described by Xiao and others (1991), in which 

hanging-wall blocks generally are more prone to breakup during 

displacement if their surfaces slope in the direction opposite to the 

detachment fault. 

Finally, Buck (1988) described a conceptual model for core-complex 

evolution in which flexural rotation of active normal faults is followed by 

nucleation of new rupture surfaces within their hanging-wall blocks 

during displacement. Although some geometric elements of Buck's model 

are similar to features observed in the study area, incompatible elements of 

the conceptual model include its: 1) pronounced structural relief at the 

tapered end of the hanging wall; and 2) tilted fault blocks that decrease in 

size in the direction of the hanging-wall block (fault blocks within the 

Harcuvar core complex generally become larger in that direction). Buck's 

model also predicts that basal strata in half-graben sedimentary assemblages 

should be progressively older in the direction of the footwall block; 

unfortunately, the ages of sedimentary rocks exposed in the study area are 

not well enough constrained to test this model prediction. 
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Figure A1. Simplified geologic map of area surrounding northern part of 
the Harcuvar core complex in western Arizona (modified from Spencer 
and Reynolds, 1991); western part locally modified after Suneson (1980) and 
mapping summarized in this report. Study area is outlined; detailed map 
shown in Fig. A2. Bold dashed line indicates approximate position of 
structurally highest thrust within Maria fold and thrust belt that separates 
areas dominated by Precambrian crystalline basement to the north from 
more varied basement lithologies to the south (taken from Spencer and 
Reynolds, 1990). Locations are shown for Artillery Peak (Art), Eagle Point 
(Eag), Potts Mountain (Pot), mouth of Centennial Wash (Cen), Rankin 
Ranch (Ran), Government Wash Fault (GWF), and Sandtrap Wash Fault 
(SWF). 
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Figure A2. Simplified geologic map of study area. Structural panels A-O 
were separate tilt blocks during displacement along the Buckskin-Rawhide 
detachment fault system; block boundaries are discussed in text. Where 
exposures are small, units are labelled with letters designated in map-unit 
key. Locations are shown for Artillery Peak (Art),. Potts Mountain (Pot), 
and Sandtrap Wash Fault (SWF). Fault Q and horst block (H) in southwest 
part of map area are discussed in text. Large Quaternary landslides are 
denoted "slide." 
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where Late-Tertiary normal faults cross-cut earlier rotational normal 
faults. Tilt blocks X and Y consist of basement and overlying sedimentary 
rocks (fine dashes), and are separated by a block-bounding fault (BBF) that 
was continuous prior to movement along the Late Tertiary fault. After 
development of the erosion surface, neither block Y nor BBF would be 
present within the footwall block of the Late Tertiary fault, and BBF would 
lie buried within its hanging-wall block. This model explains structural 
relationships observed along the Sandtrap Wash Fault in the study area, 
and may be applicable to fault Q (see Fig. A2). 
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Figure A4. Generalized stratigraphic columns of homoclinal sedimentary 
sections (Oligocene-Miocene) exposed in four structural panels within 
study area. Left and right sides of columns correspond to western and 
eastern portions of panels, respectively. Thickness changes and lithofacies 
variations are shown. Some stratigraphic relationships inferred from 
structurally complicated parts of panels are not summarized here, but 
discussed in text. Solid lines correlate major assemblages (designated on 
right), and dashed lines correlate individual units. Tops of all sections 
terminated by faults. Radiometric dates on volcanic interbeds are discussed 
in text. Stratigraphic nomenclature indicated for panel 0 follows Spencer 
and others (1989a); formation names originally defined by Lasky and 
Webber (1949). 
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Figure AS. Map showing paleocurrent data for Tertiary sedimentary rocks 
in study area. All paleoflow data were derived from clast imbrications and 
corrected for bedding attitudes. Dots represent sample sites; number of . 
measurements taken and mean paleoflow vectors are shown for each 
sample site. Data were obtained from unit 6 only in the northwestern part 
of panel D. Rose diagrams include data summarized on map and some 
additional data excluded due to size limitations of figure; arrows represent 
mean vectors and sample numbers are shown in lower left quadrants. On 
each rose diagram, length of largest petal is fitted to reach circumference of 
circle which corresponds to a value (percentage of total data) of 7% for unit 
3,9% for units 5 and 6, 14% for unit 8, and 17% for unit 9. Sandtrap Wash 
Fault (SWF), fault Q, and structural panels A-D are shown for reference; 
locations are also shown for Artillery Peak (Art) and Potts Mountain (Pot). 
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Figure A6. Graphs showing dip versus stratigraphic unit for structural 
panels A-D in study area. Dip values are indicated along vertical axes; 
numbers along horizontal axes correspond to units described in text. 
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In selection of dip values plotted, measurements taken near small faults, 
measurements associated with anomalous dip directions, and 
extraordinarily high or low dip values were excluded. Dip values obtained 
from panel B were taken only from its western portion in order to avoid 
structural complications. Where multiple sets of dip data are clustered 
around a single unit number, those sets were derived from the 
stratigraphically lower, middle, or upper parts of the unit. Triangles 
indicate mean dip values. In panels A, Band C, squares indicate dip values 
taken from Yarnold and McDaniel (1992), circles indicate data taken from 
Lucchitta and Suneson (1985), and crosses indicate data from Suneson 
(1980); see Table Al for map-unit correlations. In panel 0, dip values were 
taken from Spencer and others (I989a) as well as unpublished mapping by 
J.e. Yarn old (1991). Diamonds are used where multiple data points 
overlap. "Drag zone" indicates portions of sections that experienced 
steepening of stratal dips as a result of drag folding along large mapped 
faults. Note that tilting histories differ to some degree between panels, 
suggesting that they represented separate tilt blocks during displacement 
alortg the Buckskin-Rawhide detachment system. The sedimentary 
sections within panels Band D are the least disrupted, and thus most 
accurately record the rotation history of tilt blocks in the study area. 
"Pronounced tilting episode" within panel 0 discussed in text. 
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Figure A7. Schematic block diagrams showing sediment-dispersal 
patterns during deposition of the basal, lower, middle, and upper 
sedimentary assemblages exposed in the study area. Upper-plate 
basement (heavy stipple on sides of blocks) outlined with thick lines, 
sediments (light stipple on sides of blocks) outlined with thin lines. 
Faults are dashed where they crosscut sediments. Bold arrows on block 
surfaces indicate sediment-dispersal patterns. During deposition of the 
basal assemblage, sediments were shed from the uptilted sides of blocks 
into nearby half-graben. During lower-assemblage deposition, tilting 
continued and detritus was shed from a source area to the south of the 
study area. In general, streams and mass flows were routed down 
half-graben axes except during episodes of infilling and integration of 
sub-basins. In detail, the locations of a variety of depositional 
environments were controlled by variations in sediment-dispersal rates 
and upper-plate structures affecting sub-basin morphology. During 
middle-assemblage deposition, tilting continued, but associated relief 
was overwhelmed by sediments deposited by a south-directed stream 
system that drained an extensive area to the north. During deposition 
of the upper assemblage, a northeast-directed system of broad, shallow 
streams transported debris derived from footwall mylonites and 
upper-plate rocks exposed south of the study area. 
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Figure AB. Schematic illustration of tilt-block field (above horizontal 
detachment) and overlying half-graben basins. In an array of subparallel 
planar faults (a), block size (that is, fault spacing) plays a significant role in 
controlling half-graben basin size subsequent to rotation; basins bounded by 
large blocks tend to have greater widths and marginal reliefs (MR) than 
those bounded by small blocks. Also, in arrays of planar faults with 
varying initial dips (b), fault orientation plays a significant role in 
controlling the elevation of half-graben after tilting with low-elevation 
basins occurring down-dip from lower angle faults. Such variations in 
accommodation space and basin elevation can have a significant impact on 
the distribution of depositional environments within the upper plate, and 
the architecture of half-graben basin fill. See text for discussion. 
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Table AI. Table showing correlation of units described in text with map 
units used by other workers. Correlations were derived from portions 
of maps overlapping study area. "Lower" and "upper" refer to 
stratigraphically lower and upper parts of units. Abbreviated terms 
include Formation (Fm.) and member (mbr.). 
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Table A2. Table showing constitution of clast populations for units 
mapped in study area. Percentages based on frequency counts of 250-500 
clasts in I-m diameter sample areas at 29 sites. Units 2,4 and 7 do not 
contain conglomeratic lithofacies and are not summarized. Percentage 
values are rounded up to the nearest digit, and fractional values between 
0% and 1 % are rounded up to 1 %. Dashes indicate rock types that are not 
present within clast populations. Abbreviated terms include Precambrian 
(PC), feldspar (fsp), quartz (qtz) and hornblende (hbl). Augen gneiss 
lithology referred to in row 3 does not resemble mylonite exposed in the 
lower plate of Harcuvar core complex. Clasts derived from marble were 
observed during reconnaissance in unit 5, but are not present at count sites. 
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Rock type supplying clasts unit 1 unit 3 unit 5 unit 6 unit 8 unit 9 
(as percentage of clast counts) 
pink and white fsp-qtz granite, 77 -98 0-2 0-1 0-3 53 -76 11 - 30 
moderate biotite (PC); 
dark hbl-biotite granite (PC?); 
red and green qtz-fsp granite 
(PC?); granodorite (PC?); 
and associated diabase 
augen gneiss (PC?); 0-1 -- 0-5 -- 1-4 1 - 3 
gray to brown mica schist (PC?) 
green to brown chloritlc schist, 0-18 91 - 98 91 -99 90-96 1 -25 25 - 68 
lacks biotite, includes (usually 
metsasedlmenlary and <5) 
metavolcanic rocks (Mesozoic) 
white, yellow, and purple 1 - 5 2-4 1 - 9 4-6 0-2 3-7 
quartzite, vein quartz and chert 
gray to yellow marble, variably -- -- -- -- 0-2 1 - 5 
brecciated (Paleozoic?) 
red, yellow, and brown sandstone, -- -- -- - 0-11 8-27 
siltstone and limestone (Tertiary) 
pebbly sandstone derived -- -- - -- -- 0-2 
from unit 8 (Tertiary) 
silicic volcanic tuff (Tertiary) -- 0-5 - - 0-35 0-1 
basalt (Tertiary) -- -- -- -- 0-15 0-2 
mylonite Identical to that In the -- -- - -- -- 2-23 
lower plate of the Harcuvar 
core complex 
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APPENDIXB 

ROCK-A VALANCHE CHARACfERISTICS IN DRY CLIMATES AND THE 

EFFECT OF FLOW INTO LAKES: INSIGHTS FROM MID-TERTIARY 

SEDIMENTARY BRECCIAS NEAR ARTILLERY PEAK, ARIZONA 

Abstract 

Rock-avalanche deposits can be significant components of 

aggradational sequences formed in dry climates. Features distinguishing 

such deposits from their closest counterparts, debris-flow deposits, reflect 

the higher energies and shear strengths associated with rock-avalanche 

lobes, and their tendency to generate their own matrix through 

pulverization associated with the failure event. 

Evaluation of sedimentary breccias in Oligocene-Miocene strata 

deposited under dry climatic conditions in west-central Arizona indicates 

that many are of rock-avalanche origin. Some are sufficiently large to have 

represented large rock avalanches (that is, sturzstroms) at the time of 

emplacement and display features consistent with descriptions of such 

lobes. Some rock-avalanche deposits interbedded with lacustrine 

sediments represent initially subaerial lobes that flowed into lakes. These 

bodies locally are intruded by substrate-derived injection structures and 

contaminated by lakebed mud; mud contamination :was initially 

concentrated along the bases of lobes, but affected a progressively greater 

proportion of the flows with increasing subaqueous runout. Contaminated 
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portions of rock-avalanche lobes exhibit features consistent with decreased 

shear strength, and thoroughly contaminated lobes appear to have 

transformed into slow-moving, slurry-like flows that experienced internal 

cycling of debris. 

Introduction 

Although classic treatises on sedimentation in subarid to arid 

mountainous regions (for example, Bull, 1977; Hooke, 1967, 1987) recognize 

the depositional significance of fluvial, debris-flow, and "sieve" processes, 

most have overlooked the significance of rock avalanches. Despite 

infrequent emplacement, the coarse, thick nature of rock-avalanche lobes 

results in high preservation potential. Examination of the stacked lobes 

flanking some modern mountain ranges such as the San Bernardino 

Mountains (Shreve, 1968) or the Sierra Aconquija (Fauque and Strecker, 

1988) indicates that such deposits can be volumetrically significant 

contributors to aggradation in dry regions. 

This paper synthesizes data pertinent to distinguishing rock

avalanche deposits from their similar counterparts, debris-flow deposits, 

and utilizes these distinctions in analysis of a suite of late Oligocene to 

early Miocene mass-flow deposits emplaced in a subarid to arid setting in 

western Arizona (Fig. Bl). The suite is interbedded in an excellently 

exposed terrestrial sedimentary section (Artillery Peak section; Fig. B2) and 

is ideally suited for textural analysis because many of the constituent 
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breccia bodies are: 1) exposed in full cross section, a condition that is 

difficult or impossible to achieve with many modern mass-flow deposits of 

significant size; and 2) closely clustered areally and stratigraphically, and 

derived from the same parent materials, which tends to minimize 

circumstantial variations between bodies (such as material properties and 

climatic conditions) that could complicate comparison of features 

associated with different depositional processes. Furthermore, the 

sediments hosting the bodies were deposited in fluvial, marginal 

lacustrine, and lacustrine environments, enabling evaluation of the effect 

of varying depositional environment on the mass-flow mechanisms 

represented. 

It is necessary to specify the meaning of several terms as used in this 

paper. Debris flows are very rapid to extremely rapid (~10-2 to over 10 

m/sec, Varnes, 1978) slurry flows as described by Pierson and Costa (1987), 

that generally depend upon the buoyant and/or cohesive properties of a 

saturated muddy matrix for sediment support (though dispersive stress 

and grain-to-grain contacts also contribute; Costa, 1988). Rock avalanches 

are inertial granular flows (typically extremely rapid) derived from bedrock 

escarpments; these mass movements do not require an interstitial 

sediment-water mixture for sediment support, but instead rely in large part 

(when dry) upon grain-ta-grain contacts or collisions. There is no 

implication in the term as to whether initial failure of parent blocks 

involves sliding or falling (for example, Mudge, 1965). Comments in this 

paper are directed primarily toward avalanches with parent blocks larger 

than or comparable to large "blockfalls" (102 - 104 cubic meters; Whalley, 
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1974). All references to rock avalanches herein refer to nonvolcanic 

events. Large rock avalanches (or sturzstrams, Hsii, 1975), with volumes 

in excess of several million cubic meters, commonly display extreme 

velocities (50-100 m/sec or more) and long runout distances, and may be 

fluidized (Melosh, 1979). In the context of breccia deposits, matrix refers to 

particles with a long dimension less than 1 cm. 

Distinctions Between Subaerial Rock-Avalanche and Debris-Flow Deposits 

in Dry Climates 

Some previous workers have discussed sedimentary distinctions 

between rock-avalanche and debris-flow deposits (for example, Kent, 1966; 

Longwell, 1951; Burchfiel, 1966; Krieger, 1977; Yarnold and Lombard, 1989; 

Dickinson, 1991); however, such treatments are generally cursory. Analysis 

is hindered somewhat by a paucity of data from deposits of small-volume 

rock avalanches; most attention given to rock-avalanche phenomena in 

the literature has been directed toward the more destructive and 

mechanically enigmatic large-volume flows (Fig. B3). 

In Table Bl, I outline distinctions between subaerial rock-avalanche 

and debris-flow deposits distilled from available literature and original 

observations, emphasizing features that potentially could be discernible in 

interstratified deposits. Characteristics of submerged lobes will be discussed 

later in this paper. Only deposits associated with rock-avalanche and 

debris-flow processes are addressed here because they were responsible for 
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the preponderance of the breccia bodies in the Artillery Peak area and all of 

the deposits described in this paper. Because the character of mass flows 

may vary to some degree with climate, and because the Artillery Peak 

breccias appear to have been deposited under subarid to arid conditions, 

Table Bl emphasizes features of deposits formed in dry climates. 

The subject of the matrix characteristics of debris-flow and rock

avalanche deposits could not be addressed adequately within the confines 

of Table Bl and is developed further here. Subaerial rock avalanches 

typically generate most of their own matrix material through fracturing 

and grinding associated with avalanche events; in contrast, the matrix 

materials within debris flows are typically products of prior surface 

weathering that were subsequently incorporated into the flows. Where 

rock-avalanche lobes are derived from resistant parent rocks, their matrix 

materials (where present) are typically dominated (~ 80%-90% by volume) 

by cataclastically generated granules and coarse- to medium-grained sand, 

with more thoroughly pulverized material occurring mainly along discrete 

internal slip zones; this generalization seems to apply whether lobes are 

associated with large- or small-volume events. Examples of lobes 

displaying such matrix characteristics include the following deposits (see 

Table B2 for references): Frank, Little Tahoma Peak, Black Mountains, Tin 

Mountain, Martinez, Sierra Aconquija, El Capitan, Korakoram, "deposit 

III," and South Park Avenue. Rarely, however, rock-avalanche deposits do 

exhibit abundant fine-grained (that is, muddy) matrix, where avalanche 

lobes are: 1) subjected to an anomalously large amount of free fall or total 

vertical drop during runout (for example, 1970 Huascaran avalanche, Table 
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B2); 2) derived from parent rocks that are highly susceptible to breakdown 

due to weathering, brecciation, poor cementation, or other factors (for 

example, Carlson landslide, Table B2); or 3) derived from source blocks 

mantled by thick soils or other unconsolidated fine-grained deposits. 

Significant fine-grained material can also be circulated into lobes from 

substrate sediments; such mud contamination tends to be volumetrically 

minor and restricted to the bases of lobes where avalanches flow over dry 

substrates but may be considerable where they cross moist or saturated 

sediments. In arid settings, where alluvial slopes tend to be dry and rates of 

soil production and weathering are subdued, muddy rock avalanches are 

uncommon, and lobes ordinarily display coarse matrix materials, except 

when highly fragile rock types or runout into subaqueous environments 

are involved. In contrast, debris flows in such settings commonly exhibit 

matrix materials that are dominated by pedogenic mud (Bull, 1977; Harvey, 

1984). 

Note that some of the criteria cited in Table B1 for distinguishing 

between rock-avalanche and debris-flow deposits (for example, matrix 

characteristics, clast mixing, surface topography) become ambiguous where 

rock-avalanche lobes are significantly enriched in fine-grained material or 

water or where debris flows are dominated by coarse blocky talus (that is, 

"blocky debris flows"; Eisbacher and Clague, 1984). Other distinguishing 

criteria become equivocal where debris flows are derived from highly 

fractured source rocks or where deposits are subject to significant 

winnowing or infilling of fines. For these reasons, interpretations 
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multi pIe distinguishing criteria. 

Sedimentary Breccias near Artillery Peak 
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Geologic background 

The Artillery Peak section (Fig. B2) was studied previously by Lasky 

and Webber (1949) and Shackelford (1976) and was described in detail by 

Spencer and others (1989). The section caps a southwest-tilted structural 

block, consisting primarily of Proterozoic crystalline basement, that is part 

of the extended upper plate of the Buckskin-Rawhide detachment fault. 

Block rotation and formation of the basin(s) into which the Artillery 

section was deposited is interpreted to have occurred in response to early 

Miocene (or late Oligocene) to late Miocene displacement along the 

Buckskin-Rawhide detachment fault (Spencer and others, 1989). 

The Artillery Peak section consists of a sequence of fluvial and 

lacustrine deposits that contains interbedded Tertiary volcanics as well as 

sedimentary breccias of mass-flow origin. For purposes of discussion, the 

breccia bodies are divided into the lower breccias, which occur within the 

middle member of the Artillery Formation as defined by Spencer and 

others (1989), and the stratigraphically higher, areally extensive Artillery 

megabreccia (Fig. B2). The lower breccias consist of fragmental material 

derived predominantly from Mesozoic greenschist-grade metamorphic 
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rocks, whereas the Artillery mega breccia consists of debris derived mainly 

from granitic and gneissic rocks of probable Proterozoic age (Spencer and 

others, 1989). Both groups of sedimentary breccias were derived from 

source areas to the south or west; this is supported by 1) provenance 

considerations that indicate that the source of Mesozoic metamorphic rock 

fragments (observed in both groups of breccias) could only have been 

present to the south and west at the time of deposition (Spencer and others, 

1989); 2) northward paleocurrents of contemporaneous streams 

transporting the same rock types as the breccias (Yarn old, unpub!' data); 

and 3) indicators (for example, striae trends and substrate folds) of 

northeastward transport derived from the breccia bodies themselves. High 

relief in the source areas may have been associated with fault scarps along 

the breakaway zone of the Buckskin-Rawhide detachment fault or 

bounding upper-plate fault blocks stranded above the upwarped lower 

plate of the detachment fault (Spencer and others, 1989). 

Climatic conditions during breccia deposition were probably dry. 

This interpretation is supported by the following lines of evidence: 

1) approximately correlative stratal packages exposed in structural blocks 

about 15 km west of the study area contain interbedded lacustrine deposits 

and evaporites, as well as red beds (Yarnold, in press); 2) drill-hole data 

(Lease, 1981) recovered about 30 km southeast of the study area indicate a 

thick (300+ m) section of interbedded calcareous siltstone and halite that is 

tentatively correlated with strata of the upper Artillery Formation or lower 

Chapin Wash Formation (Lease, 1981; J. K Otton, 1991, oral commun.); 
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3) fossil assemblages collected from strata of the Artillery and Chapin Wash 

Formations, within and near the study area, include pollen from semiarid 

shrub or steppe vegetation (Ephedra, Artemisia), palm macrofossils and 

pollen, and pollen from more temperate plants (for example, Tilia) 

presumably transported from nearby highlands - ostracodes collected 

include salinity-tolerant (Cyprinotus (Heterocypris» as well as more 

typically fresh-water (Cypricercus?) genera (Otton and others, 1990; J. K. 

Otton, 1988, written commun.); 4) paleofloral data suggest that 

paleoclimates across western North America exhibited a marked change in 

Oligocene time toward conditions approximating those of today (Wolfe, 

1978) - and more particularly, data from central Arizona indicate 

increasingly arid conditions around the Verde basin area through Miocene 

time (Nations and others, 1982); 5) sedimentary assemblages in southern 

Arizona exhibit mid-Miocene rock varnish and post-mid-Oligocene 

sedimentary facies consistent with subarid to arid paleoclimates (Dorn and 

Dickinson, 1989; Dickinson, 1991) - these assemblages were deposited in an 

analogous tectonic setting, and perhaps at a comparable elevation to the 

Artillery Peak section. 

Artillery megabreccia 

Description 

The Artillery mega breccia (BB1; Fig. B1) exhibits a lateral extent of 

more than 8.5 km and an outcrop area of about 8 km2. The body dips about 

10-20oSW and is typically 80 to 120 m thick. It pinches out at its eastern and 
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western extremities and displays an irregular basal contact that is an 

expression of post-depositional deformation and lesser (-10 m) basal scour 

and paleorelief. Though poorly exposed, the upper surface of the body also 

exhibits relief on the order of 10 m or more, and this irregular topography 

apparently promoted erosion and local redeposition of surficial breccia 

materials following emplacement (see map-unit "Tuc" of Spencer and 

others, 1989). Strata subjacent to the body consist primarily of fluvial 

pebbly sandstone with intercalated silty overbank deposits and vesicular 

basalt flows, although lacustrine interbeds are also present in places. Strata 

overlying the breccia lobe consist of manganiferous fluviolacustrine red 

beds of the Chapin Wash Formation (Lasky and Webber, 1949). 

Within its central and eastern portions, fragment compositions 

within the Artillery megabreccia are dominated by 1) variably sheared 

megacrystic biotite granite (of probable Proterozoic age; Spencer and others, 

1989) that locally exhibits fine-grained leucocratic phases as well as 

associated veins of pegmatite and quartz; 2) biotite schist that occurs as 

irregular xenoliths within the granite; 3) intrusive (hypabyssal?) 

nonvesicular, fine-grained mafic rocks (volumetrically minor) of uncertain 

age that locally occur within the granite; and 4) augen gneiss with feldspar 

augen as much as 3 em long that is most common within the 

stratigraphically uppermost portions of the breccia body. Within its 

western portions, the breccia lobe also exhibits fragments of quartzite, 

metamorphosed Paleozoic(?) carbonate rocks and metamorphosed 

Mesozoic rock types similar to those observed within the lower breccias 

(Spencer and others, 1989). 
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A diagram summarizing the features observed within the Artillery 

megabreccia is illustrated in Fig. B4. Substrate beds (5, Fig. B4) are locally 

folded and contorted immediately beneath the breccia body, and this 

deformation dies out downward over an interval of 1-15 m. The interface 

between the substrate and breccia lobe exhibits lenses (L, Fig. B4) as much as 

2.5 m thick of contorted to structureless conglomerate containing substrate

derived matrix materials and rounded clasts. The lenses display similar 

clast compositions to subjacent strata, but locally exhibit significantly 

different clast sizes and proportions of various clast types (Fig. B5). The 

lenses also contain varying amounts of debris compositionally identical to 

that within the overlying debris lobe. The overlying breccia sheet (B, Fig. 

B4) displays a basal contact that is locally polished and grooved (Fig. B5) and 

associated with an overlying zone (as much as 30 cm thick) of intensely 

comminuted breccia fragments and rock flour. At one locality, parallel 

grooves overlie a drag fold and indicate an approximate N300E 

paleotransport direction for the breccia lobe. 

The breccia sheet (B, Fig. B4) illustrates a wide range of sedimentary 

textures. Fabrics with 35%-50% matrix (estimated on the outcrop; the 

cemented nature of the breccias precludes grain-size analysis by sieving) 

and cobble-sized fragments are common, particularly within the lower 

portions of the lobe. Elsewhere (especially in upper portions), highly 

fractured but relatively coherent blocks range as much as tens of meters in 

maximum dimension. Both c1ast- and matrix-supported frameworks are 

present. Constituent breccia facies exhibit angular to subangular fragments 

that are typically intensely fractured. Differing rock types are rarely 
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intermixed on a fragment-to-fragment scale. Matrix materials consist 

almost entirely of granules and coarse sand of the same composition as 

surrounding clasts, except in the basal -1 m of the breccia sheet, where fines 

compositionally similar to underlying beds also locally occur. 

In matrix-rich facies within the lower portion of the breccia sheet, a 

banded fabric is locally apparent (Fig. B6). Individual bands are subparallel 

to the base of the body, range from a few centimeters to 1 m thick, and are 

locally traceable over several meters laterally. In places, adjacent bands 

differ compositionally, with each band consisting of strung-out fragments 

derived from different rock types. Elsewhere, alternating bands vary 

texturally, containing different proportions of silt or granules in their 

matrix. In a few localities near the base of the body, intercalated bands of 

sand compositionally identical to underlying beds also occur. Contacts 

between bands range from sharp to gradational over 10 em, and from 

straight to highly irregular; locally, they exhibit evidence for shearing, with 

associated kinematic indicators (for example, rotated clasts) suggesting top

to-the-northeast relative motion. Lithotypes that make up bands within 

the lower portion of the breccia sheet (Fig. B6) exhibit more irregular, 

globular geometries upsection (Fig. B7), indicating that the banded fabric 

manifests shear deformation of the basal portion of the breccia body. 

The breccia sheet also contains multiple undulatory slip surfaces 

(Fig. B4) that are subparallel to its base. These surfaces are locally traceable 

over tens of meters laterally and are associated with zones of comminuted 

breccia and rock flour from a few centimeters to 0.5 m thick. Slip surfaces 

are most common in the lower portion of the breccia sheet. Features along 
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the base of the breccia body are locally offset by small normal faults (Fig. B4) 

that form a conjugate set, with their bisector oriented perpendicular to the 

base of the debris lobe. 

In terpreta tion 

Because the Artillery megabreccia lacks either fluviolacustrine 

interbeds or exposed through-going slip surfaces (that is, internal flow 

contacts), it is interpreted to represent the deposit of a single mass-flow 

event. 

Many features associated with the body are consistent with a rock

avalanche interpretation for its origin, including its 1) coarse, angular, and 

volumetrically sparse matrix material (except along the base of the body) 

that is compositionally identical to nearby clasts; 2) angular and intensely 

fractured clasts; 3) internal, laterally discontinuous slip surfaces; 

4) significantly deformed substrate; and 5) large clast size. The paucity of 

intermixing of rock types and the preservation of large areas of jigsaw 

breccia are also consistent with this interpretation. The large lateral extent 

and thickness of the body suggests that it represented a sturzstrom lobe at 

the time of emplacement; though its dimensions are impressive, the body 

is still significantly smaller than some of the largest documented 

sturzstrom lobes (for example, Saidmarreh landslide, Table B2). 

Occurrence of the body above a sedimentary sequence consisting of fine

grained fluvial deposits with subordinate lacustrine interbeds suggests that 

the flow came to rest in a distal alluvial-fan or alluvial-plain environment. 
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The lenses (L; Fig. B4) of contorted to structureless conglomerate 

preserved along the substrate-breccia sheet interface likely represent wedges 

of debris bulldozed in front of, or amalgamated to, the base of the 

avalanche lobe during runout. Rounded clasts that are larger in these 

lenses (Fig. 85) than those in subjacent fluvial strata were probably 

transported from more proximal portions of the runout course. Outsized 

clasts are present in similar lenses along the base of another lobe in the 

study area interpreted to represent a rock-avalanche deposit (E9, Fig. 81); 

they have also been reported in bulldozed wedges associated with more 

recent rock avalanches described in the literature (Krieger, 1977). 

The banded fabric apparent near the base of the body appears to 

represent "smeared-out" domains with differing matrix properties or rock 

types within the breccia sheet; it manifests distributed shear that thinned, 

stacked, and flattened lithotypes with varying initial geometries during 

avalanche runout. The effects of this shear are concentrated in the lower 

portions of the lobe and die out upward. Intercalated bands of substrate

derived sand likely represent smeared-out injection structures that were 

emplaced into the base of the avalanche mass. Similar "shear banding" has 

been observed in the lower portions of other rock-avalanche deposits in 

the study area (for example, E9, Fig. 81), and rock-avalanche lobes described 

in the literature (for example, Johnson, 1978; Yarnold and Lombard, 1989). 

Small-scale normal faults offsetting the basal features of the Artillery 

mega breccia likely represent post-depositional relaxation structures that 

formed to accommodate rapid loading associated with emplacement of the 

avalanche mass; similar structures have been reported from other large 
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rock-avalanche lobes (for example, Hazlett and others, 1991; Shaller, 1991). 

Clastic dike formation and contamination by substrate fines are negligible 

within the Artillery megabreccia, and their absence probably results from 

its emplacement in a dominantly subaerial environment. 

Rapid motion of the rock-avalanche lobe is suggested by the 

preservation of a wedge of bulldozed sediments, and the inferred "distal" 

emplacement environment of the avalanche mass. The locally polished 

and grooved basal contact indicates that displacement involved significant 

basal slip, and the paucity of mixing of constituent debris indicates that the 

lobe did not experience significant internal cycling or overturning. A 

significant vertical velocity gradient during runout is indicated by the 

concentration of shear banding and internal slip surfaces in the lower 

portion of the breccia sheet; this shear distribution was also likely 

responsible for the general increase in disaggregation and pulverization of 

materials toward the base of the lobe. Similar vertical velocity profiles 

have been inferred from material distributions within undissected large 

rock-avalanche lobes (for example, Saidmarreh landslide, Yarnold, 1991). 

The lower breccias 

General 

All of the "lower" sedimentary breccia exposures mappable at 

1:24,000 scale were mapped in the field. This size limitation had the effect 

of "screening out" most debris-flow deposits, which tend to be smaller in 

size. Over fifty breccia exposures were mapped. The sedimentary 
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characteristics of all exposures containing good outcrops (those exposures 

labeled on Fig. Bl) were investigated in the field; these characteristics are 

summarized in Table B3 and ensuing discussion. In some cases, 

neighboring breccia exposures are interpreted to be portions of the same 

flows (Fig. Bl). Such exposures display similar fragment compositions and 

sedimentary textures, and they are clustered along strike lines (except 

where disrupted by structure) but are isolated by Quaternary cover or 

separated by intervening fluviolacustrine sediments; in the latter case, 

separate exposures are interpreted to represent divergent sublobes that 

originated from the same flow. 

Sediments within the middle member of the Artillery Formation 

(Spencer and others, 1989) containing the breccias appear to have been 

deposited during alternating progradation and retrogradation of one or 

more alluvial fans bordering a lake. Fan sources were to the southwest of 

the study area, and the lake deepened toward the northeast and east. The 

sedimentary rocks were subsequently tilted, and beds now dip 30°-40° to the 

southwest near the base of the member and about 12°-25° near the top. 

However, complex small-scale faulting and folding is common, and beds 

locally dip to the west, east, or even to the northeast. 

Two particularly instructive breccia bodies (BB2 and BB3, Fig. Bl), 

described in detail below, represent initially dry rock-avalanche lobes that 

ran out increasing distances into lake environments. Rock-avalanche 

lobes emplaced in subaerial settings are also represented in the suite (for 

example, E3, E9, Fig. Bl), but they display features closely analogous to the 

Artillery megabreccia and so are not described separately here. Most of the 
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breccia bodies within the suite that display evidence for significant 

subaqueous runout (Table B3) occur in the northeastern corner of the study 

area, where enveloping sedimentary rocks are nearly exclusively 

lacustrine. 

Breccia body #2 

Description. Breccia body #2 (Fig. Bl) has a lateral extent of more than 1.25 

km and a maximum thickness of about 35 m. The body extends beneath 

Quaternary cover beyond both its western and eastern mapped boundaries. 

Localized zones of small-scale folding and faulting obscure the primary 

geometry of the body near its western termination and immediately east of 

outcrop A (that is, on the south side of Artillery Wash; Fig. Bl). Fragments 

within the body consist mainly of green (metavolcanic?) schist with quartz 

and feldspar phenocrysts. 

The breccia body is best exposed at outcrop A (Fig. Bl), which is 

sketched in Figure B8a. This outcrop exposes the basal contact and lower ==8 

m of the breccia body. The breccia body extends beneath cover at the south 

end of the outcrop, and at the west end, a high-angle fault offsets the body 

slightly to the south. For the purpose of discussion, the outcrop is divided 

into underlying sediments (5) and the breccia sheet (B); the breccia sheet is 

further subdivided into a matrix-rich lower portion (B1) and a 

comparatively matrix-poor upper portion (Bu). 

Interval 5 consists of an -8 m lacustrine sequence that is underlain 

in turn by conglomerate of fluvial and debris-flow origin. The lacustrine 

sequence consists of carbonate strata with interbedded siltstone and fine- to 



94 

medium-grained calcareous sandstone; silicified thin rootlets are locally 

present within the sequence. Within a restricted stratigraphic interval 

ranging from 1 to 2 m beneath the base of the breccia body, oval to 

triangular depressions occur (typically about 7.5 em wide by 8.5 em long) 

that resemble camelid tracks documented at nearby localities in the 

Artillery Peak section (T. K. Otton, written commun., 1988; Gassaway, 1977). 

These depressions appear to cluster around a large injection structure near 

the center of the outcrop (Fig. B8a), perhaps because preferential erosion of 

the upbowed flanks of the structure locally exposed a "track-rich" 

stratigraphic horizon. 

A well-exposed bedding plane that lies stratigraphically ::=2.5 m 

beneath the breccia body exhibits multiple tight anticlinal ridges; these 

ridges typically display <1.5 m of relief that dies out down section over 1-2 

m and downtrend over 5-15 m. The largest of these ridges, located near the 

center of outcrop A, connects with an injection feature that extends over 

8 m into the overlying breccia sheet (Fig. B9). Material within the dike 

consists of intensely convoluted beds identical to those in the uppermost 

portion of interval S. The planar dike walls display weak striations 

oriented approximately perpendicular to the base of the breccia lobe. 

The breccia sheet (B) at outcrop A is very poorly sorted, and 

constituent fragments are almost entirely subangular to angular, except for 

a small fraction «10%) that displays some subrounded edges. Fully 

coherent fragments range up to about 70 em, but only reach about 25 em in 

the lower 4 m of the breccia sheet; individual clasts along the basal 0.3 m of 

the breccia sheet display a maximum size of about 4 em. Many larger 



fragments are moderately to intensely fractured. Limited zones of jigsaw 

breccia are present but uncommon. 

95 

There is a clear contrast at outcrop A between the lower :::::4 m of the 

breccia sheet (B1) and its exposed upper portions (Bu). The lower :::::4 m 

contains abundant matrix (approximately 60%-80% by volume), is matrix

supported, and exhibits a streaked fabric (Fig. BID). Upper portions (Bu) 

contain more limited matrix (30-60% by vol.), range from clast- to matrix

supported, and have a massive appearance. Upper portions also contain 

slip surfaces that are absent in the lower portion of the breccia sheet. The 

transition between Bl and Bu is typically gradational in nature, although in 

places it is marked by a slip surface (Fig. B8a). 

The streaked fabric (Fig. BID) apparent within Bl exhibits alternating 

matrix-rich (70%-85% matrix by volume) and relatively matrix-poor (20%-

60% matrix) streaks. Much of the matrix material (40%-90%) in the matrix

rich streaks consists of red calcareous mud, imparting a reddish appearance 

to these intervals; the remainder of the matrix consists mainly of coarse 

sand and granules of the same composition as the breccia fragments. Such 

coarse sand-and-granule material dominates the matrix of the matrix-poor 

streaks, which contain little calcareous mud «25% of matrix); these 

intervals exhibit a greenish color akin to the schistose breccia fragments. 

Individual streaks typically display abrupt boundaries, are on the order of 

several centimeters thick, and are wavy and lenticular in form (Fig. BID); 

they lack internal grading and are oriented subparallel to the base of the 

breccia body. In places, elongate fragments display a weak alignment 

parallel to streaks. Some foreign inclusions were also observed in Bl that 
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displayed the same preferred orientation; these include a silicified rootlet 

(=1.5 m above base of breccia sheet) identical to those observed within 

substrate beds and several thin (3-8 cm) laminae of calcareous mudstone 

that may have originated as small injection features (Fig. B8a). Matrix-rich 

(red) streaks volumetrically dominate near the base of the breccia sheet and 

decrease in relative abundance upward through B1. These streaks are rare 

in Bu, which consists almost entirely of the more matrix-poor (green) 

breccia. 

Outcrops to the east of otitcrop A are spotty and locally complicated 

by small-scale structures, but they display essentially the same fabrics and 

features as described above. Outcrops near the western mapped boundary 

of the breccia body (including outcrop B, Fig. Bl) expose its uppermost 

portions. These outcrops reveal structureless breccia very similar to that 

observed in Bu at outcrop A, except that matrix-rich streaks are entirely 

absent, and matrix contents are generally lower (",,10%-35% by volume; 

includes <10% mud). Also, zones of jigsaw breccia as much as 1.5 mare 

common within these outcrops, and slip surfaces are rare. The upper 

surface of the breccia body is exposed at outcrop B and exhibits undulations 

with as much as 1.5 m of relief. Overlying lenses «1.5 m thick) of 

claystone and pebbly sandstone appear to be localized between hummocks 

and are capped by a sequence of lacustrine muddy limestone. 

Interpretation. Since breccia body #2 lacks through-going sliding horizons 

(that is, internal flow contacts) or "foreign" interbeds and exhibits relatively 

homogeneous fragment characteristics, it is interpreted to have been 
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deposited by a single flow event. Features apparent in the upper portions 

of the body are consistent with a rock-avalanche interpretation for its 

origin, including its: 1) coarse, angular and volumetrically sparse matrix 

exhibiting the same composition as nearby clasts, 2) angular and fractured 

clasts, 3) internal, laterally discontinuous slip surfaces, and 4) hummocky 

surface topography. On the other hand, despite its similar fragment 

properties, the lower ",,4 m of the body exhibits characteristics more typical 

of slurry flows including its: 1) abundant muddy matrix, 2) matrix

supported framework, and 3) streaked fabric suggestive of laminar flow. 

This "slurry-like" portion is interpreted to have resulted from 

contamination and associated shear-strength reduction along the bottom of 

the rock-avalanche lobe during runout into a lake. The significant lateral 

extent and thickness of breccia body #2 suggest that it may have initially 

represented a sturzstrom event. 

The lacustrine sequence underlying breccia body #2 indicates that its 

site of deposition represented a lake environment for an extended period 

of time preceding emplacement. The presence of camel tracks within a 

portion of this sequence and subjacent fluvial strata implies that the 

sequence was deposited near the periphery of the lake basin where water 

depths were relatively shallow and shoreline fluctuations permitted 

intermittent subaerial exposure. Injection features along the base of the 

lobe suggest that the lake floor was at least wet and likely submerged at the 

time of avalanche emplacement. Lenticular claystones overlying the body 

may have been deposited by ponds formed 011 the hummocky surface of 

the avalanche lobe immediately after emplacement, which was 
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subsequently inundated (and buried beneath lacustrine carbonates) with a 

rise in lake level. 

The injection features that intrude the breccia body likely originated 

as the highly saturated lakebed sediments became temporarily partially 

liquefied (Prakash, 1981; Collinson and Thompson, 1982) in response to 

rapid loading and high-energy shearing associated with emplacement of 

the avalanche lobe (Shaller, 1991). Particularly where "trapped" between 

undulations along the base of the lobe, such liquefied sediments would be 

subject to intense pressurization; in such a state, they would rapidly move 

en masse toward available zones of lower pressure. The planar, striated 

walls of the 8 m injection structure at outcrop A suggest that the dike 

material intruded along a zone of offset that accommodated extension and 

perhaps differential movement within the avalanche lobe during runout; 

such zones of offset have been documented in recent rock-avalanche lobes 

(for example, Marangunic and Bull, 1968). Injection structures similar to 

those observed at outcrop A have been reported in some large rock

avalanche lobes described in the literature (for example, Kreiger, 1977; 

Johnson, 1978); these structures tend to be best developed in portions of 

lobes that ran out over relatively fine-grained, and perhaps saturated, 

substrate sediments (Yarnold and Lombard, 1989). 

The matrix-rich character of Bl is mainly the result of addition of 

large amounts of red calcareous mud into this interval. The calcareous 

mud could not have been produced through pulverization of schistose 

breccia fragments and was almost certainly incorporated into the basal 

portion of the lobe from underlying substrate sediments. Significantly 
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contaminated portions apparently experienced a drop in shear strength, 

permitting increased shear strain within the lower portion of the lobe that 

is indicated by its: 1) diminished maximum particle size (relative to upper 

portions) signaling enhanced fragment disaggregation, and 2) pronounced 

"flow fabric" in which fragments, inclusions, and other fabric elements 

exhibit a preferred alignment parallel to the base of the avalanche lobe. 

Strongly contaminated portions also appear to have deformed in a "plastic" 

fashion and lack features (for example, internal slip planes, jigsaw breccia) 

consistent with relatively rigid behavior, which is exhibited by the less

contaminated, upper portions of the landslide mass. The streaked fabric, 

best developed within the lower :::::4 m of the breccia lobe, likely formed as 

patchy zones with variable degrees of contamination (that is, mud 

contents) were flattened and thinned during plastic flow. 

Breccia body #3 

Description. Breccia body #3 (Fig. Bl) is exposed only along Artillery Wash, 

where excellent outcrops occur along the west and east walls (see Fig. BBb). 

The breccia body extends beneath Quaternary cover beyond both its 

northern and southern mapped boundaries. Although similar textures 

and clast compositions were observed in other breccia exposures in the 

vicinity, abundant cover makes their correlation with breccia body #3 

tenuous. 

The exposed sequence of strata hosting breccia body #3 consists 

entirely of lacustrine thin- to medium-bedded limestone and calcareous 

siltstone that display parallel-continuous laminae or mottled textures. 
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Laminated beds directly beneath the body are not strongly deformed but 

locally display low-relief (10-30 em) folds parallel to the bottom of the 

breccia lobe. In places, pieces of muddy limestone have been partially 

detached from the upper surface of the substrate and extend upward into 

the base of the breccia sheet (Fig. Bl1); intraclasts of the same composition 

are locally present within lower portions of the lobe. 

Except for one zone (discussed below) the breccia body is texturally 

homogeneous, is very poorly sorted, and consists predominantly of 

subangular to angular debris. Less than ::::10% of constituent clasts are 

subrounded in character, although upon preliminary examination, this 

value may appear higher due to the nature of surface weathering of the 

outcrop. Most of the fragments within the lobe consist of green schist 

identical to that described within breccia body #2, although debris derived 

from white to gray, chloritic metasedimentary(?) rocks is also present 

«10% of clast population). Large fragments are moderately to intensely 

fractured (Fig. B12) and range up to 1.2 m in maximum dimension. The 

breccia sheet lacks a consistent sense of grading, and constituent fragments 

do not display a preferred orientation. 

The breccia sheet is generally matrix-supported, with 35%-80% 

matrix by volume, although zones of clast support are locally present. The 

matrix is bimodal in that it contains coarse sand and granules and yellow 

calcareous mud but appears to lack intervening grain sizes (Fig. B12). 

Constituent granules and sand are angular to subangular and of the same 

composition as breccia fragments; the yellow calcareous mud is 
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compositionally similar to muddy limestone beds within the substrate and 

intraclasts within the breccia lobe. 

In terms of its morphology, breccia body #3 can be divided into a 

relatively thick (,.,4 m) southern portion (Bs; Fig. B8b) that displays 

hummocky surface topography with as much as 1.2 m of relief (Fig. B13), 

and a thin (1.0 to 1.5 m), flat-topped northern portion (Bn; Fig. B8b). These 

two segments of the body also differ in terms of maximum fragment size, 

with the northern portion (mfs,.,50 cm) displaying a somewhat smaller 

value than the southern portion (mfs==1.2 m). The boundary separating 

these different morphological elements crops out on both sides of Artillery 

Wash and is oriented about N55°W. 

Where the body is exposed along the west wall of Artillery Wash, its 

southern (thick) segment exhibits a restricted interval containing abundant 

subrounded pebbles and cobbles. Clasts derived from white to gray 

metasedimentary(?) rocks are more common in this interval than 

elsewhere in the breccia body (composing 30%-50% of its clast population) 

and are intermixed with debris similar to that within surrounding portions 

of the breccia sheet. At the southern end of the exposure, this interval 

composes nearly the entire thickness of the breccia lobe; the interval tapers 

laterally to form a thin zone along the base of the body and pinches out 

..... 10 m to the north. 

Interpretation. The abundant yellow calcareous mud within breccia body 

#3 could not have been generated through pulverization of constituent 

fragments and was almost certainly incorporated into the body from the 
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muddy lake bottom over which it flowed. Evidence supporting this origin 

for the mud includes its lithologic similarity to strata underlying the body, 

as well as actual examples of substrate materials that were in the process of 

being entrained into the base of the breccia flow at the time of 

emplacement (Fig. B11). Assuming the breccia flow initiated outside of the 

lake environment in which it was ultimately deposited, the yellow 

calcareous mud represents a secondary (or "added") component that 

should be discounted in consideration of the original sedimentary 

character of the breccia body. If this mud component is discounted, the 

body exhibits many features that suggest that it originated as a subaerial 

rock-avalanche lobe, including: 1) a predominantly angular to subangular 

and highly fractured clast population, 2) matrix material consisting 

predominantly of angular, coarse sand and granules of the same 

composition as constituent breccia fragments, and 3) hummocky surface 

topography (locally developed). Furthermore, the thick stack of laminated 

to mottled lacustrine strata enveloping the body suggests that it came to 

rest in a subaqueous setting that was distal with respect to any fluctuating 

shorelines of the lake. On the basis of these considerations, the body is 

interpreted to represent the final deposit of an initially subaerial rock 

avalanche that underwent extensive runout into a lake environment; 

consequent saturation and thorough contamination by lake-floor 

sediments resulted in conversion of the avalanche lobe into a slurry-like 

subaqueous flow. 

Initiation of the failure event responsible for breccia body 3 as a 

subaerial rock avalanche rather than a subaerial debris flow is favored 
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because of the paucity of "primary" fine-grained material apparent within 

the breccia lobe. Due to the limited size of the deposit, the initial rock 

avalanche need not have been of enormous (that is, sturzstrom) volume, 

although significant thinning of the lobe may have occurred during 

subaqueous runout. 

The interval (exposed on west wall, Artillery Wash) containing 

subrounded clasts may represent a contorted remnant of a wedge of 

substrate materials shoved in front of the avalanche lobe during subaerial 

as well as subaqueous transport. The remainder of this wedge may have 

been undertreaded or mixed into the landslide lobe, which at this stage of 

its runout (and contamination) likely exhibited limited internal 

overturning in addition to laminar flow, akin to slurry flows. Such 

internal mixing may have contributed to textural homogenization as well 

as dispersal of mud throughout the debris lobe. 

Differences in the morphology (that is, thickness and surface 

topography) of the submerged avalanche lobe may have originated as 

thoroughly weakened portions of the mass spread out to form thin flanks 

(Bn; Fig. B8b) surrounding the slightly less saturated central bulk of the 

flow (Bs) during runout (as in the Frank landslide, Table B2). 

Discussion 

The breccia bodies described above appear to have initiated as 

subaerial rock avalanches, ceased movement in environments ranging 
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from subaerial to lacustrine, and experienced progressive development of 

features associated with runout into a water body. A conceptual model 

based on these bodies is shown in Figure B14 that illustrates some of the 

possible effects resulting from increasing runout of dry, coarse-grained 

rock-avalanche lobes into lake environments. 

Where subaerial lobes flow across dry, well-drained substrate 

materials (Fig. B14a), they behave as relatively rigid bodies, and exhibit 

features analogous to those observed in the Artillery megabreccia. 

Although most of the shear generated during displacement of such lobes is 

concentrated along their bases (producing a basal zone of pulverization, zp, 

Fig. B14), a limited amount may be accommodated by their granulated, 

lower portions; this shear may be distributed incrementally along discrete 

slip surfaces (CSS, Fig. B14) or more homogeneously to form a shear 

banded fabric. Such lobes also locally scour and deform the beds they 

override and maintain wedges (bw, Fig. B14) of bulldozed materials along 

their leading edges. Upward diminution of shear-induced granulation 

imparts an apparent inverse grading to such "dry" lobes. Contamination of 

the masses by substrate sediments tends to be nominal because substrate 

sediments lack pore water (discussed below) and are commonly too coarse 

to infiltrate easily into the breccia lobe. 

When a rock avalanche first enters a lake, a seiche with significant 

destructive energy may be produced (Slingerland and Voight, 1979), and 

the runout velocity of the avalanche is slowed to some degree due to the 

increased resistance encountered. Intense turbulence is introduced into the 

generally low energy lake-bottom environment, and rapid loading and 
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shearing associated with emplacement of the lobe may partially liquefy 

upper, saturated portions of the lakebed. Assuming that the momentum 

of the avalanche and/ or slope of the lake floor are sufficiently large, the 

avalanche lobe will continue to run out along the lake bottom. 

During intermediate stages of subaqueous runout (Fig. B14b) the 

uppermost levels (bsr) of an avalanche lobe may exhibit properties 

analogous to thos(~ manifested during subaerial runout, while the lower 

portions exhibit plastic (slurry-like) behavior in response to contamination 

by lake muds. The velocity profile associated with such a lobe will tend to 

be "stepped" in nature, with flow concentrated in its weakened, mud

enriched parts; also, basal slip will be less than that exhibited during 

subaerial runout, with some of the basal shear distributed across the zone 

of contamination (zc, Fig. B14b). The nature of the bulldozed wedge may 

also be transformed as basal scouring becomes less energetic, and as original 

coarse materials are lost due to undertreading (u, Fig. B14a) and replaced by 

locally derived lake-floor muds. In plan view, the uppermost levels of the 

landslide mass may be localized near the toe, with lower levels composing 

the smeared-out proximal portion of the depositional lobe. Furthermore, 

weakened portions of the lobe may spread out laterally ("lateral outflow," 

Fig. B14b) during runout to form thin flanks surrounding the more-rigid, 

central portion of the flow. 

Likely processes involved in contamination during intermediate 

stages of subaqueous runout are illustrated schematically in Figure BIS. As 

the contaminated and weakened former toe of the avalanche is smeared 

out (bspl), the rigid upper portion of the mass (bsr) advances forward and is 
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brought into contact with the substrate. Pressurized water or liquefied mud 

derived from the substrate beds are injected (i) upward into zone X either 

through pore spaces or cracks (locally forming clastic dikes) in the breccia 

lobe. This infiltration structurally weakens the lobe by contributing to 

lubrication of interparticle contacts as well as local separation of fragments. 

Upon initial weakening, zone X probably experiences some internal 

overturning (in response to the applied shear couple, sh) that permits 

significant inmixing of mud from the substrate and bulldozed wedge; with 

thorough contamination, zone X is effectively transformed from a 

fragmental aggregate to a considerably weakened slurry consisting of clasts 

separated and surrounded by a buoyant matrix of mud. With further 

runout, zone X deforms plastically (bsp2), smearing out patchy zones of 

differing mud content into long, thin "streaks" (str), and aligning elongate 

clasts parallel to flow lines. As zone X is smeared out, the thinned, rigid 

upper portion of the breccia sheet (bsr) advances forward, again being 

brought into contact with the lake floor. Figure BIS is, of course, highly 

schematic, and in actuality, bsr would deform somewhat in response to 

upward-increasing flow velocities, the bsr-bsp transition would be 

gradational in nature, and bsp would occur as a continuous basal horizon, 

rather than as discrete "lozenges." 

Although many fragments are probably swept from the tops of 

submerged breccia lobes by turbulent eddies, upper surfaces do not appear 

to manifest signs of significant structural weakening (as along their bases) 

during subaqueous runout; this is probably due in part to the low pressure 

of water infiltrating the tops of lobes, and the lack of available mud and 
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associated high-energy shearing to contribute to thorough contamination 

and particle separation. 

With continuing runout, the relatively rigid upper portion of the 

breccia body (bsr) thins so that the zone of contamination (zc, Fig. B14b) 

comprises a progressively larger proportion of the submerged landslide 

mass. The velocity probably also diminishes somewhat as a result of the 

incessant resistances to flow (for example, water resistance, friction) exerted 

on the landslide mass. If runout continues unchecked, a submerged flow 

may reach a state (Fig. B14c; breccia body #3) where: 1) its runout velocity is 

moderate; 2) the zone of contamination (zc) extends through the entire 

thickness of the lobe; and 3) internal cycling of debris occurs in the absence 

of a rigid cap to restrict upward migration of fragments. At this point, the 

contaminated mass moves essentially as a viscous slurry- or debris-flow 

exhibiting some internal overturning (promoting homogenization of the 

lobe) in addition to largely laminar-style flow. Associated basal sliding, 

scouring, and bulldozing are negligible, and the mass displays a more 

gradational velocity profile than in intermediate stages of runout. Such 

"terminal" slurry-like lobes may be flanked by thin, thoroughly saturated 

flow margins. 

Because of the restricted exposure and sample size involved, it is 

important to point out that the above model may touch on only some of 

the possible consequences of subaqueous runout. For example, since only a 

limited portion of breccia body #3 is exposed, it is not possible to assess 

whether the largest blocks initially transported by this flow were "stranded" 

upslope, as inferred for some submarine landslides (for example, Lipman 
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and others, 1988; Moore and others, 1989), or whether transformations to 

more dilute, turbulent forms of flow (for example, turbidity currents; 

Lipman and others, 1988) occurred farther downslope. Moreover, 

significant variations in behavior may occur with changes in 

environmental conditions such as the slope, composition, and induration 

of the lakebed. 

Physical and behavioral characteristics similar to those acquired 

during submersion can also be exhibited by entirely subaerial rock 

avalanches, where lobes incorporate significant quantities of fines and 

water as either primary or secondary components. As previously stated, 

these "muddy" avalanches are most common in moist climates and tend 

to occur where debris lobes are subject to extreme pulverization in addition 

to saturation by environmental water. Examples include the Carlson, 

Huascaran (1970 event) and the Frank (see Table B2) rock avalanches. 

Conclusion 

Rock-avalanche deposits can be significant components of 

aggradational sequences formed in dry mountainous regions. These 

deposits commonly can be distinguished from their similar counterparts, 

debris-flow depOSits, based on their greater thickness, maximum clast size, 

surface topography, and associated disruption of the substrate; rock

avalanche deposits typically also display a greater degree of clast support, 

clast angularity, and clast fracturing, and they preserve much of the initial 
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order present within their parent blocks. In addition, internal, laterally 

discontinuous slip surfaces are common within rock-avalanche lobes, and 

their associated matrix materials tend to be dominated by coarse sand and 

granules. 

Many of the sedimentary breccias present in the Oligocene-Miocene 

Artillery Peak sequence in west-central Arizona appear to have been 

deposited by rock avalanches under dry climatic conditions. The Artillery 

megabreccia body is sufficiently large that it may represent the deposit of a 

sturzstrom event and displays features (for example, intense deformation 

of substrate materials) commonly associated with such lobes. Some 

stratigraphically lower rock-avalanche deposits that are interbedded with 

lacustrine sediments represent initially subaerial lobes that flowed into 

lakes. These breccia bodies locally are intruded by substrate-derived 

injection structures that were generated in association with liquefaction of 

the lakebed. Portions of avalanche lobes subjected to contamination by 

substrate-derived mud display evidence for decreased shear strength. Such 

mud contamination was initially concentrated along the bases of lobes but 

affected a progressively greater proportion of the flows with increasing 

subaqueous runout. Rock-avalanche lobes that underwent thorough 

contamination behaved as slow-moving slurry-like flows that experienced 

internal cycling of debris. 
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Figure B1. Distribution map of large exposures of sedimentary breccia near 
Artillery Peak, Arizona. Patterns group exposures thought to have 
originally been portions of the same breccia bodies or flows; individual 
exposures lacking a pattern could not be correlated to adjacent exposures 
with confidence. Letter prefixes identify exposures (E) described in Table 
B3, breccia bodies (BB) described in text, and particular outcrops (OC) of 
breccia body #2 referred to specifically in text. BBI is the Artillery 
mega breccia, and all smaller exposures to the north compose the "lower 
breccias." Boundary of BBI is queried where derived through aerial-photo 
interpretationi in westernmost portion of body, contacts taken from map of 
Spencer and others (1989). Typical strike-and-dip direction of strata is 
shown at top. Arrows indicate paleotransport directions (queried where 
uncertain) inferred from the trend of an excellent! y exposed debris-flow 
lobe (Ell), and fold vergence within wedges of bulldozed sediments 
subjacent to BBI and E9. 
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Figure B2. Generalized stratigraphic column of Oligocene-Miocene 
sedimentary section exposed immediately southwest of Artillery Peak in 
west-central Arizona. Stratigraphic nomenclature used here is in 
accordance with specifications of Spencer and others (1989) and Yarnold 
(in press). Formation names originally defined by Lasky and Webber 
(1949). 
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Figure B3. Schematic diagram modified from Yarnold and Lombard (1989) 
illustrating features observed within six largely subaerial sturzstrom lobes 
emplaced in dry climates, showing substrate sediments (5); mixed zone 
(MZ) of bulldozed or entrained substrate and comminuted breccia; breccia 
sheet (BS) dominated by subangular to angular fragments; disrupted zone 
(DZ) of the breccia sheet that displays pulverized breccia facies and internal 
comminuted slip surfaces (CSS); matrix-poor zone (MPZ) of the breccia 
sheet containing large, fractured blocks; and overlying sediments (OS). 
Dikes extending upward from mixed zone are concentrated in portions of 
lobes which may have overrun saturated substrate sediments. 
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Figure B4. Schematic diagram summarizing features of the Artillery 
megabreccia (breccia body #1) in cross section: S, substrate sediments; B, 
breccia sheet; L, conglomerate lenses. Symbols indicate matrix-poor breccia 
facies (jagged cross bars); matrix-rich breccia facies (asterisks); zones of slip 
and comminution (cross-hachures); conglomerate (ovals); siltstone 
(dashes); limestone (bricks); sandstone (dots); and lenticular siltstone 
interbeds (contorted lenses). Basalt flows are colored black. See text for 
discussion. 
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Figure B5. Lens of contorted conglomerate beneath Artillery megabreccia 
near south edge of SE 1/4 sec. 28; it extends from base to polished basal 
surface (s) of breccia sheet at top of photograph (top of photo at left of page). 
Interpreted to represent wedge of debris bulldozed in fl'Ont of rock 
avalanche. Rounded basalt boulders (b) within lens are more abundant 
and display a greater maximum size (by a factor of 2.3) than those in 
subjacent strata (which crop out =2.5 m below base of photo), suggesting 
that they were transported to this site with the avalanche mass. Alteration 
rhinds around basalt boulders may have been produced by surface 
weathering. Note contorted laminae (1) of silty sand which are locally 
wrapped around clasts. 
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Figure B6. Banded fabric in matrix-rich (pulverized) facies of Artillery 
megabreccia (top of photo at left of page). Interpreted to result from 
distributed shear deformation in lower part of rock-avalanche lobe. 
Constituent bands consist of fragments derived from biotite schist (s), 
leucocratic granite (1), and biotite granite (b). Located in SW1 /4 SE1 /4 
NW1 /4 sec. 35 (T12N R13W). 
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Figure B7. Outcrop of Artillery megabreccia, dominated by matrix-poor 
facies, directly upsection from exposure shown in Figure B6 (top of photo 
at left of page). Lithotypes that occur as bands near the base of the body 
(Fig. B6) exhibit here more globular, undistorted geometries. Dashed 
contact separates fragments derived from leucocratic granite (1) from those 
derived from biotite granite (b). Hammer (outlined) for scale. 
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Figure B8. a. Sketch of vertical exposure of breccia body #2 at outcrop A; 
no vertical exaggeration. Only the lower part of the breccia body is exposed 
at this locality. Letters indicate underlying sediments (S) and the breccia 
sheet (B); the breccia sheet is further subdivided into a lower portion (B1) 
and an upper portion (Bu). Symbols are the same as in Figure B4, except 
for thin, wavy dashed lines in Bl that indicate streaked fabric. Jagged 
subhorizontal feature near base of body at far right is thin lamina of 
calcareous mudstone. Injection structure near center of outcrop is 
illustrated in Figure B9. Bushes and cracks in outcrop face are also shown. 
Strata underlying the breccia body dip =17°-30° into the diagram (to the 
southwest). The body extends ::::;27 m to the northwest without significant 
change, and is truncated there by a high-angle fault. Probable flow 
direction out of (or oblique to) page. See text for discussion. 

b. Sketch of outcrop (vertical face parallel to dip of bedding) of breccia 
body #3 along east wall of Artillery Wash; no vertical exaggeration. 
Symbols are the same as in Figure 84. Some of the larger fragments are 
outlined with dashed lines. The thin, northern segment (Bn) of the body 
extends at least 35 m to the north without significant change, beyond 
which there are no available outcrops. Probable flow direction is out of 
(or oblique to) page. See text for discussion. 
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Figure B9. Oblique photo of injection feature derived 
from subjacent strata that intrudes more than 8 minto 
breccia body #2. Dashed line indicates approximate 
position of base of breccia body. 
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Figure BlD. Mud-rich lower portion (BI) of breccia sheet at outcrop A 
(breccia body #2); exhibits streaks consisting of alternating mud-rich 
(dark) and more mud-poor (light) laminae. Stratigraphie "up" is 
toward top of photo (at left of page). 
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Figure B11. Basal contact (corresponds to dashed line) of breccia 
body #3 (top of photo at left of page), illustrating piece of underlying 
muddy limestone bed (1) partially detached and entrained into the base 
of the breccia lobe (b). Detached piece exhibits subhorizontallaminae 
akin to subjacent strata. Pencil points toward stratigraphic "up." 
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Figure B12. Outcrop of breccia body #3 along east wall of Artillery Wash. 
Note highly fractured fragments (clast outlined). Matrix consists of 
granules, coarse sand and calcareous mud. 
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Figure B13. Hummocky upper surface of breccia body #3 (b); overlain by 
limestone strata (1). 
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Figure B14. Model illustrating some effects resulting from progressive 
runout of a dry, coarse-grained rock avalanche into a lake environment; 
based upon deposits described in this paper. Entire mass is assumed to 
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be submerged at stage C, though its surface may be exposed at stage B. 
Vertical velocity profiles are illustrated schematically at left; note the 
decrease in maximum velocity that results from increased resistance to 
flow in the subaqueous environment. Vertical arrows indicate sense of 
grading (that is, coarsening). See text for discussion. Abbreviations include 
comminuted slip surfaces (CSS), bulldozed wedge (bw), undertreading (u) 
of bulldozed wedge, zone of pulverization (zp), rigid portion of breccia 
sheet (bsr), zone of contamination (zc), and streaked fabric (str). 
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Figure 815. Schematic diagram illustrating processes involved in 
contamination of initially subaerial rock-avalanche lobes during 
intermediate stages of runout into lakes. Lobe shown at two successive 
increments of time (Tl and T2) during runout. See text for discussion. 
Abbreviations include rigid portion of breccia sheet (bsr), plastic portion 
of breccia sheet (bsp), streaked fabric (str), injected (i) substrate mud, and 
shear couple (sh) applied to zone X, which results in circulation (c) of 
constituent materials. 
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DEPOSIT TYPE 

FORM AND SIZE 

INTERNAL 
FABRIC 

CLAST 
ROUNDNESS 

CLAST 
FRACTURING 

MAXIMUM 
CLAST SIZE 

MATRIX 
CHARAC
TERISTICS 

CLAST MIXING 

SUBSTRATE 
DEFORMATION 

SLIP SURFACES 

DEBRIS-FLOW DEPOSITS; nonvolcanic, dry climate 
(Bull, 1972, 19n; Nilsen, 1982; Johnson, 1984; Harvey, 1984) 

Flows commonly restricted to channels with ribbon-like plan-view 
geometries (Gascoyne, 1978); locally move as "sheets" but tend 
to break into finger-like lobes or cease movement after traveling 
relatively short distances (Eisbacher and Clague, 1984); deposits 
of individual flows typically less than 5 m thick 

Individual flows may display no grading or reverse, reverse-to
normal, or coarse-tail normal grading; large clasts typically 
matrix-supported; clasts also commonly display a preferred 
allignment of their long axes parallel to the direction of flow 
(Smith, 1986) 

Flows are commonly derived from heterogeneous colluvium or 
alluvial deposits and can coalesce and intermix with flows from 
separate sources to produce clast populations with rounded, 
angular, or mixed clasts 

Intense fracturing of constituent materials is uncommon, 6xcept 
where inherited from source 

Typically less than 10m in long dimension; maximum clast size 
correlates strongly with bed thickness (Nemec and Steel, 1984) 

Commonly dominated by pedogenic mud; may contain 
lightweight fragments (e.g., wood) and bubble vesicles (Costa, 
1988) 

Caterpillar-track-like cycling tends to randomly intermix various 
rock types and particle shapes incorporated into flows, except for 
coarsest clasts, which may maintain a frontal position during 
runout 

Flows associated with limited erosive power; locally exhibit minor 
to moderate scouring (Johnson, 1970), commonly entirely 
depositional (Gascoyne, 1978; Hooke, 1987) 

Flow margins generally experience diffuse shear that does not 
result in intense comminution: weak striae may form along 
contacts (Middleton and Hampton. 1976) 

ROCK-AVALANCHE DEPOSITS; nonvolcanic, dry climate 
(Longwell, 1951; Yamold and Lombard, 1989; Krieger, 1977) 

Unconfined flows may display sheet- or tongue-like geometries 
with long dimensions up to 15 km (Watson and Wright, 1969); 
deposits of individual flows may range from a few meters to 
several hundred meters in thickness (Harrison and Falcon, 1937) 

Large-volume lobes are typically nongraded or display apparent 
reverse grading resulting from concentrated comminution in the 
lower portion cf lobes (Cruden and Hungr, 1986); such lobes 
range from c1ast- to matrix-supported (Shaller, 1991); fabric data 
from smaller volume lobes is lacking 

Consist of predominantly angular to subangular fragmental 
debris, with the exception of (usually minor) foreign materials that 
originally mantled the parent block or that were entrained during 
runout; shape characteristics of "primary" fragments may vary to 
some degree with rock type or even clast size (Hewitt, 1988) 

Indurated materials within large-VOlume flows are commonly 
intensely fractured, forming zones of "jigsaw· and "crackle" 
breccia; the intensity of fragmentation varies with rock type and 
position within lobes; debris within smaller volume lobes can also 
exhibit considerable fracturing (Mudge, 1965) 

Highly shattered but discernible blocks many tens of meters to 
over 100 m in maximum dimension are associated with some 
lobes (Harrison and Falcon, 1937; Mudge, 1965); unfractured 
fragments in excess of 10 m have been observed 

Matiix materials within dry lobes typically dominated (~ 80%-90% 
by voL) by cataclastically generated granules and coarse- to 
medium-grained sand 

Thorough mixing probably atypical of most dry flows (Eisbacher 
and Clague, 1984); large-volume lobes tend to preserve the 
relative position of materials within their parent blocks during 
runout (Shreve, 1968); such lobes commonly exhibit distinct 
monolithologic domains in which clasts and matrix are of identical 
composition 

Large-volume flows commonly associated with vigorous scouring 
and bulldozing, and may even deform SUbjacent sediments to 
depths of 5 m or mOie; degree of deformation dependent upon 
properties of flow, runout course, and substrate 

Commonly contain discrete internal slip surfaces with intervals of 
gouge on the order of 10 c.m tt-lick: basal contacts locally exhibit 
striations and zones 01 pulverization 





CLAST 
FRACTURING 

MAXIMUM 
CLAST SIZE 

MATRIX 
CHARAC
TERISTICS 

CLAST MIXING 

SUBSTRATE 
DEFORMATION 

SLIP SURFACES 

SURFACE 
TOPOGRAPHY 

"'''''t-"-''IUL1;;J ~UI"'C~ ioU t-'IUUU .... t: \,Ic:l::>l tJUtJUIi:::lUUII~ Will] rouncea. 
angular, or mixed clasts 

Intense fracturing of constituent materials is uncommon, except 
where inherited from source 

Typically less than 10m in long dimension; maximum dast size 
correlates strongly with bed thickness (Nemec and Steel, 1984) 

Commonly dominated by pedogenic mud; may contain 
lightweight fragments (e.g., wood) and bubble vesicles (Costa, 
1988) 

Caterpillar-track-like cycling tends to randomly intermix various 
rock types and particle shapes incorporated into flows, except for 
coarsest clasts, which may maintain a frontal position during 
runout 

Flows associated with limited erosive power; locally exhibit minor 
to moderate scouring (Johnson, 1970). commonly entirely 
depOsitional (Gascoyne, 1978: Hooke, 1987) 

Flow margins generally experience diffuse shear that does not 
result in intense comminution; weak striae may form along 
contacts (Middleton and Hampton, 1976) 

Individual flows typically display flat or broadly convex surfaces; 
may be flanked by levees 

originally mantled the parent block or that were entrained during 
runout; shape characteristics of ·primary" fragments may vary to 
some degree with rock type or even dast size (HeWitt, 1988) 

Indurated materials within large-volume flows are comm:lnly 
intensely fractured, forming zones of '1igsaw" and "crackle" 
breccla; the intensity of fragmentation varies with rock type and 
position within lobes; debris within smaller volume lobes can also 
exhibit considerable fracturing (Mudge, 1965) 

Highly shattered but discernible blocks many tens of meters to 
over 100 m in maximum dimension are associated with some 
lobes (Harrison and Falcon, 1937; Mudge, 1965); unfractured 
fragments in excess of 10 m have been observed 

Matrix materials within dry lobes typically dominated (~ 80%-90% 
by voL) by cataclastically generated granules and coarse- to 
medium-grained sand 

Thorough mixing probably atypical of most dry flows (Eisbacher 
and Clague, 1984); large-volume lobes tend to preserve the 
relative position of materials within their parent blocks during 
runout (Shreve, 1968); such lobes commonly exhibit distinct 
monolithologic domains in which clasts and matrix are of identical 
composition 

Large-VOlume flows commonly associated with vigorous scouring 
and bulldozing, and may even deform subjacent sediments to 
depths of 5 m or more; degree of deformation dependent upon 
properties of flow, runout course, and substrate 

Commonly contain discrete internal slip surfaces with intervals of 
gouge on the order of 10 em thick; basal contacts locally exhibit 
striations and zones of pulverization 

Large-vo!ume flows commonly display large hummocks, ridges, 
and debriS cones in addition to lateral ridges (Plafker, 1978): 
hummocky surfaces have also been described for smaller 
volume lobes (Mudge, 1965) 

Table BI. Key sedimentary characteristics distinguishing subaerial 
debris-flow and rock-avalanche deposits formed in dry climates. See 
text for discussion. 

...... 
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~ LS2!OaliS2C ~ t:lS2[iiii:S2D1al MiillIimum MiillI'mUm ~ QS2mmaCf li Bala[aC!O!illi 
(106 m3 ) D.!!l2.!.!1 2[Q12 2ilii15lC!i<!i! Ibi!i<~D!i!liili (m) l29.!i!W 

2iliilii!O!i<!il (km) (m) 

Black northwestern > 24 8 600 180 subaerial; dry Longwell. 
Mountains Arizona 1951 ; 

Yarnold and 
Lombard, 
1989 

Carlson central Idaho 100 4.4 750 75 subaerial; composed of Shaller, 
muddy friable 1991b 

basaltic 
debris 

deposit III northwestern - - ~ 0.8 > 265 - - subaerial; dry aggregate Mudge, 1965 
("rockfall- Montana deposit from 
avalanche") (Sawtooth multiple 

Ridge) small-volume 
events 

EI Capitan central' 40 6.8 1300 35 subaerial; dry Krieger, 
Arizona may have 1977; 

entered lake Yarnold and 
at distal end Lombard, 

1989 
Frank southwestern 37 3.2 830 21 subaerial; lower mud- McConnell and 

Alberta, crossed river died portion Brock, 1904; 
Canada and became spread Cruden and 

muddy laterally Hungr, 1986 
during flow 

Home Gulch northwestern 0.3 ~ 0.8 ~ 200 :. 25 subaerial; dry Mudge, 1965 
(small Montana 
"rockslide-

I 

avalanche") 
Huascaran western Peru 50-100 ~ 15.6 4000 10-20 subaerial, displayed Plafker and 
(1970) muddy; much internal Ericksen, 

incorporated convolution 1978 
glacial during flow 
meltwater 

Korakoram northern 20 4.8 1490 ",30 subaerial, deposit Hewitt, 1988 
Pakistan (maximum) overlies consists of 

surface of three stacked 
glacier lobes 

Uttle Tahoma western 11 6.9 1900 30 subaerial, deposit Crandell and 
Peak Washington (maximum) overlies consists of at Fahenstock, 

surface of least seven 1965 
glacier lobes 

Martinez southern 240 7.9 1550 120 subaerial; dry Baldwin, 
California 1986 

Mt. St. Helens western 2800 24 2550 195 volcanic Glicken, in 
Washington avalanche press 

Mt. Vesuvius southern 1 1.24 636 ~8 volcanic Hazlett et al.. 
(#5) ITelly ;}v;]l;mche 1991 

Saiulll,1I rl!tl sOlJtllwes!tHfl 20.840 15 G 1000 300 SlJb,l<-f1dl: elr y \Vdl:.orl ;rnd 





I 

Korakoram 

UttIe Tahoma 
Peak 

Martinez 

Mt. St. Helens 

Mt. Vesuvius 
(#5) 
Saidmarreh 

Sherman 

Sierra 
Aconquija 

South Park 
Avenue 

Tin Mountain 

incorporated convolution 
glacial during flow 
meltwater 

northern 20 4.8 1490 '=30 subaerial, deposit 
Pakistan (maximum) overlies consists of 

surface of three stacked 
Qlacier lobes 

western 11 G.9 1900 30 subaerial, deposit 
Washington (maximum) overlies consists of at 

surface of least seven 
Qlacier lobes 

southern 240 7.9 1550 120 subaerial; dry 
California 
western 2800 24 2550 195 volcanic 
Washington avalanche 
southern 1 1.24 836 ~8 volcanic 
ItalY avalanche 
southwestern 20.840 15.6 1000 300 subaerial; dry 
Iran 

south-central 30 5 1100 6 subaerial travelled on 
Alaska surface of 

glacier 

northwest multiple 7 900 ~ 30 subaerial; dry deposits 
Argentina lobes; range (maximum) include at 

from 5 to 65 least eight 
laterally coa-
lescinq lobes 

eastern Utah - - - - > 25 - - subaerial; dry small-volume 
(Arches event 
Monument) 
southeastern 1790 .. 5.9 > 215 150 subaerial; dry 
California 

Table B2. General data on rock-avalanche deposits referred to in text other 
than those in Artillery Peak section. Dashes indicate lack of data or no data 
available .. Horizontal runout distance measured along straight path. 

1978 

Hewitt, 1988 

Crandell and 
Fahenstock, 
1965 

Baldwin, 
1986 
Glicken. in 
press 
Hazlett et aI., 
1991 
Watson and 
Wright. 
1969; 
Harrison and 
Falcon. 1937 
Marangunic 
and Bull. 
1968; 
Shreve. 
1968b 
Faqueand 
Strecker, 
1988 

Schumm and 
Chorley. 
1966 
Burchfiel. 
1966 

..... 
,J:>. 
'J 
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Table B3. Summary of sedimentary characteristics and interpretations for 
breccia exposures labeled in Figure Bl; values represent estimates made on 
the outcrop. Exposures associated with BB1, BB2 and BB3 are described in 
text and so are not summarized in this table. Abbreviations "n," "c," "u," 
"I," and "b" indicate that the characteristic applies to the mapped northern 
or central portions, or the stratigraphically upper, lower, or basal portions 

. (respectively) of the associated exposure. Additional abbreviations include 
"C" (crude) and "f" (few). In reference to matrix composition, "g," "cs," and 
"m" stand for granules, coarse sand, and mud; and in reference to adjacent 
strata, "0" and "1" denote overlying and underlying beds. "L" 
(interpretations) indicates that the deposit is sufficiently large that it may 
have initially represented a large rock-avalanche (sturzstrom) lobe. 
Enumerated fragment compositions include 1) green to brown to silver 
schist with varying quantities of small «1 mm) quartz and feldspar 
phenocrysts, interpreted to represent metamorphosed Jurassic volcanic and 
volcaniclastic rocks (Spencer and others, 1989); 2) reddish brown to white 
to gray chloritic metamorphic rocks, weakly to strongly foliated, original 
shapes of grains locally still discernible, interpreted to represent 
metamorphosed Mesozoic sedimentary rocks; and 3) white quartzite. 
Particle-size values represent measures of the longest diameters of 
fragments. Dashes indicate that data are unavailable or insufficient. 
Entries are blank where the characteristic was not observed or does not 
apply. 
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Predom. g.es; 
1 >100 X X X,b X,C X x X x X X <I S 10·S0 signit. m at base X X 

" 

2 . . . X . . . . . 

15·20,u 
Predom. g,es 

3 ",40 X X X,b X,C X X X X X X X 2.2 35·40,1 X 

Predom. g,es; 

4 ",20 X X X X X X X X X X X 0.5 S50 minor m at base . :< 

<15,I,u Predom. g,es; 
5 ",50 X X X X X,c,b X X X X X 3 4 a35,c,b minor m at base . X' 

30·50,1 Mainly g, cs, m 
6 >SO X? X X X,C X X X X,b X X X X 6 . S70,b X X' 

. 

7 X X X X X X X X 1 10·20 Predom. g,es :< 

6 ",10 X X X X X X X X X X 1.5 5 25·40 Predom. g,es 

20·30,I,u Predom. g,es; 
9 ",40 X X X,b X X X X X X,b X X 0.5 3.5 40·70,b signi!. m at base X? 

10 . X . . . . . X' 

11 ",5.5 X,b X X,C X X X X X X X X X X,C 1.6 SO·70,I,u Mainly m with X X 
10·50,b sand and g 

12 ~10 X,u X X X X X,I X X X X,nJ X X 3 
~35,u Predom. g,es; 

:< 
sSO,1 signi!. m in "I" 

13 X X X X X X X,I X X 2.3 30·45 Mainly g, es, m X? \~ 

14 >6 X X X X X X X X X,I X X 2 =45 
Predom. g,es: 

X /, signil. m at base 

Predom. g,es; 
15 ~10 X X X X X X X X X,I X X 1.5 30·35 minor m at base X :< 

IS =30 X X X X X X X X X 0.6 30·45 Mainly g, es. m X? 

20·40,u Predom. g,es; 
17 ,,25 X X X X X X,b X,I,u X X X X 0.8 5 35·80,1 signif. m in "I" X 
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mud 
similar 

Matrix Matrix to subj. Adjacent Miscellaneous Interpre- Stage of 
content composition beds? strata features talion runout Comments 
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Predom. g,cs; 
10-60 signif. m at base X X,u,o - - X X,L X -

Very poorly 
- - X?,u,o - - - - exposed 

lS-20,u 
Predom. g,cs 

3S-40,1 X?,o X?,u - X X,L X -
Predom. 9,cs; 

SSO minor m at base - X?,u,o - X? X,L? X -
<1S,I,u Predom. g,es; 
.. 35,c,b minor m at base - X?,u X?,o - X X,L X -
30-50,1 Mainly g, CS, m Only b well expsd 
S70,b X X?,u X?,o - X X,L X? Mud rip-ups near b 

10-20 Predom. g,cs X,u X? 
Very poorly 

X? - exposed 

2S-40 Predom. g,cs - - X? - - - Ltd. exposure 

20-30,I,u Predom. 9,cs; Shear banding 
40-70,b signif. m at base X? X,o X,u X X X,I X.L X .. N15W Direc. fold in subs!. 

X?,u 
Very poorly 

- - - - - - - - exposed 

60-70,I,u Mainly m with X X,u X X ",N70E? "Tied' coarse plug 
10-50,b sand and 9 at b betw. outcrops 

.. 35,u Predom. 9,cs; 
X,o X X X 

S60,I signif. m in "I" -

30-45 Mainly g, cs, m X? X?,u - X? X? - Ltd. exposure 

.. 45 
Predom. g,cs; 

X X,u X X? X? X signif. m at base 

Predom. g,cs; 
30-35 minor m at base X X,U X? X? X? 

Very poorly 
30-45 Mainly g, CS, m X? X.u - X?L? X? exposed 

20-40,u Predom·9,cs; Disrupted by 
35-80,1 signif. m in "I" X X,u X X X X X.L X structure 
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The map entitled IIPreliminary geologic map of Tertiary sedimentary rocks 
in the northern Rawhide Mountains, Mohave County, Arizona ll by John 
C. Yarnold and B. J. McDaniel was published as an Arizona Geological 
Survey Contributed Map (CM-92-B; scale 1:18,000), but was not copyrighted. 
We give our permission to J. C. Yarnold to include copies of the map in his 
Ph.D. dissertation at the University of Arizona - this permission extends to 
microfilming and publication by University Microfilming Incorporated 
(UMI). We are aware that UMI may sell copies of his dissertation 
(including the map) for scholarly purposes. 

Thomas McGarvin 
Arizona Geological Survey 
Tucson, Arizona 
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Surficial deposits (Quaternary to Recent) - buff 
weakly consolidated sandstone and conglomerate; typic 
stratHied. Includ£)s talus, small landslide deposits, and I 

modern washes. Large landslides are denoted ·sllde", 

Fanglomerate (Miocene) - buff to yellowish brown III 
sandstone. Most exposures are thin- to medium-bedded 
stratified. Cross-lamination and clast imbrications are cc 
locally discernible. Most clasts are less than 10 cm in di 
1 m In maximum dimension are present In places. Domir 
Precambrian granite, gneiss, diabase and equigranular , 
metavolcanic and metasedimantary rocks; quartzite anI 
unknown age; and mylonites similar to those present in I 

Rawhide Mountains. Additional clast compositions inc..lu 
vesicular basalt, limestone and red sandstone of pro bat 
clasts composed 01 red pebbly sandstone derived from I 

tuff beds are locally intercalated in the conglomerate al1l 
includes an areally limited lithofacies dominated by yello 
and fine-grained sandstone in southeastern sec. 1, T. 11 
northwestern sec. 7, T. 11 N ... R. 14 W. 

Mesa-forming basalts (Miocene) - flows 01 basalt 
intercalated in map-unit Tf that locally erode to forrn me~ 
the map area have K-Ar ages ranging from 13.7 to 9,2 M 
1979; Spencer, Shafiqullah et al., 1989). 

Intrusive rhyolite (Miocene) - commonly porphyritic 
rhyolite. Forms plug exposed at Polls Mountain that intrL 
underlying rocks, and has a K-Ar age of 12.6±O. 1 Ma (sa 
Lucchitta, 1979) . 

Arkose of Keenan's Camp (Lucchltta Rnd Sun 
brick-red to brown manganiferous sandstone and cobble 
which tuffaceous detritus is common; generally c;andstor 
25 m of unit. Ranges from medium-bedded and well strat 
appearance. Cross-lamination and crude clast imbricatic 
deposits appear to be chiefly fluvial in origin, although nl 

interbeds are present in places. Dominant clast types inc 
granite, diabase and equigranular granodiorite; Mesozoic 
metasedimentary rocks; metarhyolite of Precambrian or 
volcanic rocks and vesicular basa~; quartzite of unknowl 
red arkosic sandstone of probable Tertiary age. Largo cli 
crystalline rocks are typically sub-rounded to well-round. 
Mesozoic metamorphic rocks are subangular to angular. 
typically subangular to angular and derived from crystalli 
portion of the arkose locally contains small bodies of mal 
map-unit Tk in the Castaneda Hills area is as young as 1 f 
Suneson and Lucchilla, 1979), and silicic volcanic rocks 
old as 15.aO.1 Ma (K-Ar, sanidine; Suneson and Lucchi 

Rhyolite flows and tuffs (Miocene) - !hyolite flows 
laterally with map-unit Tk; present in southwestern sec .. 

Basalt flows within Arkose of Keenan's Camp ( 
basalt flows, intercalated in map-unit Tk, that are presenl 
T.12N,R 14W. 

Intrusive basalts (Miocene) - intensely brecciated a 
indeterminate age. Intrude map-unit Tx and underlying st 
basoment rocks, 



DESCRIPTION OF MAP UNITS 

(Quaternary to Rocent) - buff to brown unconsolidated to 
;andstone and conglomerate; typically poorly sorted and crudely 
us, small landslide deposits, and unconsolidated deposits in 
e landslides are denoted "slide" .. 

:ene) - buff to yellowish brown fluvial conglomerate and silty 
,sures are thin- to medium-bedded and moderately well 
ation and clast imbrications are common, and relict channels are 
1st clasts are less than 10 cm in diameter, although boulders up to 
nsion are present in places. Dominant clast compositions include: 
gneiss, diabase and equigranular granodiorite; Mesozoic 
lasedimentary rocks; quart,zite and chloritic metamorphic rocks of 
'Ionites similar to those present in footwall exposures within the 
!\dditional clast compositions include silicic volcanic rocks, 
itone and red sandstone of probable Tertiary age. In places, 
d pebbly sandstone derived from map-unit Tk also occur. Air-fall 
tercalated in the conglomerate and sandstone. Map-unit Tf 
lited lithofacies dominated by yellow to orange- brown siltstone 
stone in southeastern sec. 1, T. 11 N., R. 15 W. and 
-.11 N., R. 14 W. 

Its (Mlocen.e) - flows of basalt and basaltic andesite 
lit Tf that locally erode to form mesas; correlative flows outside 
fl.r ages ranging ftom 13.7 to 9.2 Ma (Suneson and Lucchil1a, 
lullah et al., 1989). 

Jllocene) - commonly porphyritic and locally flow-banded 
xposecJ at Potts Mountain that intrudes map-unit Tk and 
has a K-Ar age of 12.6±0.1 Ma (sanidine; Suneson and 

's Camp (Lucchltta and Suneson, 1988; Miocene) 
nganiferous sandstone and cobble to boulder conglomerate ill 
tus is common; generally sandstone-dominated in the basal 15-
rom medium-bedded and well stratified to massive in 
llination and crl.!de clast imbrications are common. Associated 
chiefly fluvial in origin, although matrix-supported debris-flow 
in places. Dominant clast types include: Precambrian gneiss, 
Iquigranular granodiorite; Mesozoic metavolcanic and 
.s; metarhyolite of Precambrian or Mesozoic age; Tertiary silicic 
sicular basalt; quartzite of unknown age; and local limestone and. 
of probable Tertiary age. Large clasts derived from Precambrian 

'pically sub-rounded to well-rounded, while those derived from 
c rocks are subangular to angular. Granules and coarse sand are 
I angular and derived from crystalline rock types. The basal 
:x:ally contains small bodies of map-unit Tx. Basalt underlying 
itaneda Hills area is as young as 16.5iO.2 Ma (V -Ar, whole rock; 
a, 1979), and silicic volcanic rocks overlying the arkose are as 
-Ar, sanidine; Suneson and Lucchitta, 1979). 

tuffs (Miocene) - rhyolite flows and tuffs that interfinger 
Tk; present in southwestern sec. 18, T. 12 N., R. 14 W. 

I Arkose of Keenan's Camp (Miocene) - highly altered 
ed in map-unit Tk, that are present in sees. 18, 17 and 7, 

Uocene) - intensely brecciated and altered intrusive bodies 0 1 

'ude map-unit Tx and underlying strata as well as subjacent 

Breccia and megabreccla derived dominantly 
metamorphic rocks (Miocene); locally exhibit: 
dominated lithofacies (Tx'd) and IImestone-d, 
- poorly stratified, greenish-gray to red breccia and me~ 
flow and rock-avalanche origin interleaved with subordir 
and cpnglomerate as well as fine-grained lacustrine rocf 
composed of angular to subrounded fragmental debris . .; 
sizes ranging from a few meters to tens of meters. Cong 
subrounded clasts that locally are well imbricated. Prede 
Mesozoic greenschist-grade metavolcanic and metasec 
unknown age; other minor clast types include metamorp 
Paleozoic age and Precambrian granitic rocks. The :JPPI 
debris derived from gneissic rocks with pronounced feld~ 
dimension) in sec. 17, T. 12 N., R.14 W. Map-unit Tx oce 
extensive wedge that interfingers laterally with map·unlt~ 
lenses isolated within separate map units. TX'd indicate 
and debris-flow facies are dominant. Txl indicates locali 
area) where abundant limestone and siltstone interbeds 

Basalt flows Interbedded. with breccia (Miocene 
interbedded with map-un~ Tx, that are present in the 501 

T. 11 N.', R. 15 W. 

Middle sedimentary beds (Miocene) - well stratille( 
calcareous siltstone, silty limestone, and sandstone IOte 
lacustrino deposits. Limestone strata commonly display 
chert bands and nodules. Lower portion of unit is reddish 
map-unit Tc. Middle and upper portions of unit range frol 
fissile and platey textures are common. This map· unit in 
vertically with map-unit TXfd. 

Conglomeratic sandstone (Miocene or Ollgocen 
stratified, reddish-brown to green, pebbly arkosic sandst 
conglomerate with well-imbricated ellipsoidal cLsts. Cro: 
relict channels are locally discernible. Tuffaceous detritl 
upper portion of un~. Dominant clast types include: Mes 
metasedimentary rocks; chert and white quartzite 01 unk 
of Precambrian or Mesozoic age. Large clasts composS( 
Tertiary age also occur in the southeast part of the map 

Lower sedimentary beds (Miocene or Oligocene: 
of sandstone, siltstone and lacustrine limestone in whicl 
common. The unit is typically dominated by reddish br'J .... 
siltstone near the nase, but contains an increasing amot 
limestone toward the top. Limestone beds locally contai 
nodules and sandy turbiditic lithofacies. Pebbly interbed 
crystalline clast types, except near the top of the unit wt 
Mesozoic metavolcanic detritus are locally present, !n t~ 
sedimentary rocks inferred to be correlative with this ma 
contain a silicic tuff w~h K-Ar (biot~e) ages ranging from 
(see Yarnold, in press, for references). . 

Basal sandstono and conglomorate (Miocene c 
orange to brown granular sandstone and conglomerate c 
Precambrian crystalline rocks. Contains white to light gr 
and thin, heavy-mineral-rich horizons. Granules and sm, 
subangular to angUlar, while larger clasts are commonly 
moderately to well strati1ied, and cross-Iaminalion is carr 
fluvial in origin with rare debris-flow interbeds. Cobble tol 
locally crop out near the basal contact and contain clast 
nrei:.:,. metarhvolite of Precambrian or Mesozoic aqe, a 



F MAP UNITS 
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Breccia and megabreccla derived dominantly from Mesozoic 
metamorphic rocks (Miocene); locally exhibits fluvlal- and debrls-flow
dominated lithofacies (TXfd) an~ limestone-dominated lithofacies (Txl) 
- poorly stratified, greenish-gray to red breccia and megabreccia deposits of debris
flow and rock-avalanche origin interleaved with subordinate beds of fluvial sandstone 
and conglomerate as well as fine-grained lacustrine rocks. Breccia deposits are ' 
composed of angular to subrounded fragmental debris, and exhibit maximum clast 
sizes ranging from a few meters to tens of meters. Conglomerates typically exhibit 
subrounded clasts that locally are well imbricated. Predominant clast types are. 
Mesozoic greenschist-grade metavolcanic and metasedimentary rocks and quartzite of 
unknown age; other minor clast types include metamorphosed carbonate rocks of 
Paleozoic age and Precambrian granitic rocks. The upper portion of this unit contains 
debris derived from gneissic rocks with pronounced feldspar augen (-1-2 cm in long 
dimension) in sec. 17, T. 12 N., R.14 W. Map-unit Tx occurs both as a thick, laterally 
extensive wedge that interfingers laterally with map-units Tm,Tu and Ts, and as thin 
lenses isolated within separate map units. TXfd indicates general areas where fluvial 
and debris-flow facies are dominant. Txl indicates localities (in southwest part of map 
area) where abundant limestone and siltstone interbeds of lacustrir,e origin occur. 

Basalt flows Interbedded with breccia (Miocene) - thin basalt flows, 
interbedded with map-unit Tx, that are present in the southeastern corner of sec. 1, 
T. 11 N., R. 15 W. 

Middle sedimentary beds (Miocene) - well stratified, thin- to medium-borfded, 
calcareous siltstone, silty limestone, and sandstone interpreted to represent marginal 
lacustrino deposits. Limestone strata commonly display algal features and irregular 
chert bands and nodules. Lower portion of unit is reddish brown and gradational with 
map-unit Tc. Middle and upper portions of unit range from yellow to gray to pink, and 
fissile and platey textures are common. This map-unit interfingers laterally and 
vertically with map-unit TXfd. 

Conglomeratic sandstone (Miocene or Oligocene) - moderately to well 
stratified, reddish-brown to green, pebbly arkosic sandstone and rounded jJebble 
conglomerate with well-imbricated ellipsoidal clasts. Cross-lamination is common and 
relict channels are locally discernible. Tuffaceous detritus is abundant, particularly in 
upper portion of unit. Dominant clast types include: Mesozoic metavolcanic and 
metasedimentary rocks; chert and white quartzite of unknown age; and metarhyolite 
of Precambrian or Mesozoic age. Large clasts composed of limestone of probable 
Tertiary age also occur in the southeast part of the map area. 

Lower sedimentary beds (Miocene or Ollgocone) - a well-stratified sequence 
of sandstone, siltstone and lacustrine limestone in which tuffaceous detritus is 
common. The unit is typically dominated by reddish brown sandstone and yellow 
siltstone near the nase, but contains an increasing amount of gray, indurated 
limestone toward the top. Limestone beds locally contain silicified rooliets, chert 
nodules and sandy turbiditic lithofacies. Pebbly interbeds display mainly Precambrian 
crystalline clast types, except near the top of the unit where significant amounls of 
Mesozoic metavolcanic detritus are locally present. In lhe Artillery Peak area, 
sedimentary rocks inferred to be correlative with this map-unit (Varnold, in press) 
contain a silicic tuff with K-Ar (biotite) ages ranging from 23.0 Ma to 26.57± 0.15 Ma 
(see Varnold, in press, for references). 

Basal sandstone and conglomerate (Miocene or Oligocene) - reddish
orange to brown granular sandstone and conglomerate derived predominantly from 
Precambrian crystalline rocks. Contains white to light green, lenticular reduction spots 
and thin, heavy-mineral-rich horizons. Granules and small pebbles are typically 
subangular to angUlar, while larger clasts are commonly subrounded. Beds are 
moderately to well stratified, and cross-lamination is common. Deposits are dominantly 
fluvial in origin with rare debris-flow interbeds. Cobble to boulder conglomerate facies 
locally crop out near the basal contact and contain clasts of Precambrian granite and 
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2 Ivo Lucchitta and Neil Suneson - Geologic map of the Planet 2 SE and Planet 2 
NE, Arizona, quadrangles (together comprise eastern 1/2 of Castane.da Hills 15' 
Quadrangle), unpublished (scale 1: 24,000). Also, reconnaissance by J.C. 
Yarnold and B.J. McDaniel and aerial photography interpretation. 

3 Ivo Lucchitta and Neil Suneson - Geologic map of the Artillery Peak NW 
quadrangle, Mohave County, Arizona: U.S. Geological Survey Open File Report 
85-277, scale 1 :24,000. Also, reconnaissance by J.C. Yarnold and B.J. 
McDaniel. 

4 T.J. Shakelford - Geologic map of the Rawhide Mountains, Mojave County, 
Arizona, in Spencer, J.E. and Reynolds, S.J., eds., 1989, Geology and mineral 
resources of the Buckskin and Rawhide Mountains, west-central Arizona: 

5 

Arizona Geological Survey Bulletin 198, plate 1. 

J.E. Spencer and S.J. Reynolds - Geologic map of Miller Mountain in the northern 
Rawhide Mountains, in Spencer, J.E. and Reynolds, S.J., 1990, Relationship 
between Mesozoic and Cenozoic tectonic features in west-central Arizona and 
adjacent southeastern California: Journal of Geophysical Research, v. 95, 
p. 539-555, fig. 5. 

4-

...:;.:: '. .:";.' 'l . ~~, K,~ 
'"'\ ~~QI ._ - ,'\ 5,'6\~' ' 

1)( • \\ I~ --Til 
.. \ \ I _. 



I 
I 
-1-----
I 
I 
I 4-

I 

, 

34° 22' 

.: ... .""~ .. 
, 
\. 

" ( 





PCbg 

': " 
,. ,. 

,'-',' 

Rhyolite flows and tuffs (Miocene) - rhyolite f 
laterally with map-unit Tk; present in southwestern : 

Basalt flows within Arkose of Keenan's Car 
basalt lIows, intercalated in map-unit Tk, that are pn 
T.12N,R.14W. 

Intrusive basalts (Miocene) - intensely brecciat 
indeterminate age. Intrude map-unit Tx and underlyil 
basement rocks. 

Breccia and megabraccla derived dominant 
(Miocene) - massive, very poorly sorted, gray to re 
megabreccia deposits (occur in sec. 2, TIl N, RI4W: 
derived from variably sheared megacrystic biotite g,. 
poor breccia fabrics are dominant, though matrix-rid 
Shattered but coherent blocks exhibit maximum dimE 
meters. Granhic parent rocks locally display fine-gra 
veins and irregular xenoliths of biotite schist. Brecci" 
compos~ions, and stratigraphic position to the "ArtiIiE 
Grubensky et aI., 1989; Varnold, in review) which cro 
area. 

Sandstone (Miocene) - reddish brown to purple p 
locally gypsiferous. Deposits are thin- to medium-bedl 
stratified. This map-un~ overlies and locally interlinge 
com(Tlonly present as an intercedent facies between I 

Basalt flows Interbedded with sandstone (Mil 
interbedded whh map-unit Ts, that are present in nortl 
R. 14 W .. and southern sec. 32, T. 12 N., R.14 W. 

Upper sedimentary beds (Miocene) - well stratifi 
light-colored silty limestone, calcareous siltstone, and 
represent lacustrine and marginal lacustrine deposits; 
present locally. Beds are poorly consolidated and carr 
Limestone strata locally display algal structures. This 
vertically with map-units Ts and TXld. 
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uffs (Miocene) - rhyolite flows and tuffs that interfinger 
; present in southwestern sec. 18, T. 12 N., R. 14 W. 

I 
Arkose of Keenan's Camp (Miocene) - highly altered 
d in map-unit Tk, that are present in secs. 18, 17 and 7, 

ocene) - intensely brecciated and altered intrusive bodies 0
' 

de map-unit Tx and underlying strata as well as subjacent 

eccla derived dominantly from granitic rocks 
ery poorly sorted, gray to reddish-brown breccia and 
ceur in sec. 2, T11 N, R14W) of probable rock-avalanche origin 

lea red megacrystic biotite granite of Proterozoi,~(?) age. Matrix
dominant, though matrix-rich lithofacies are present in places. 

blocks exhibit maximum dimensions in excess of several 
rocks locally display fine-grained leucocratic phase3, quartz 
Jliths of biotite schist. Breccias exhibit similar fabrics, fragment 
grarhic position to the "Artillery megabreccia" (Spencer, 
Yarnold, in review) which crops out til the northeast of the map 

- reddish brown to purple pebbly sandstone and siltstone; 
JS~S are thin- to medium-bedded and moderately well 
overlies and locally interfingers with map-unit Tu, Md it is 
1 intercedent facies between units Tu and TXfd. 

jded with sandstone (Miocene) - thin basalt flows, 
lit Ts, that are present in northeastern sec. 5, T. 11 N., 
i9C. 32, T. 12 N., R. 14 W. 

)ds (Miocene) - well stratified, thin- to medium-bedded, 
Ine, calcareous siltstone, and sandstone interpreted !o 
marginal lacustrine deposits; gypsiferoLJs interbeds are 

. poorly consolidated and commonly highly disrupted. 
display algal structures. This map-unit interfingers laterally and 
Ts and TXfd. 
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contain 2 silicic tuff with K-Ar (biotite) ages ranging from ~ 
(see Yarnold, in press, for references). 

Basal sandstone and conglomerate (Miocene 01 

orange to brown granular sandstone and conglomerate dE 
Precambrian crystalline rocks. Contains whHe to light gr8 
and thin, heavy-mineral-rich horizons. Granules and sma 
subangular to angular, while larger clasts are commonly s 
moderately to well stratified, and cross-lamination is coml 
fluvial in origin with rare debris-flow interbeds. Cobble to t 
locally crop out near the basal contact and contain clasts 
gr:eiss, metarhyolite of Precambrian or Mesozoic age, ani 
clasts derived from Mesozoic metamorphic rocks are alse 
in relative abundance toward southeast part of map area. 
grades upward into overlying sedimentary beds. 

MetamorphiC and Igneous rocks, undlfferentlat 
Paleozoic) - dominant rock types include: white, gray al 
metamorphosed limestone and dolomite Interbedded with 
quartzite and green to purple phyllite (Paleozoic); green te 
schist (Mesozoic) with small (1-2 mm) quartz and feldspal 
represent metamorphosed volcanic and sedimentary rock 
brown, coarse-grained alkali gr;lnite (Mesozoic?). 

Gneiss (Precambrian?) - green to pink or gray, highly 
granitic gneiss. Weakly to well foliated; locally displays a ! 
Locally intruded by diabase dikes. Although these gneissil 
Tertiary mylonitic rocks present in footwall exposures in th, 
(interpreted to be equivalent by Suneson, 1980), the authe 
(1989) in his interpretation that the rock types are distinct, 
deformational events are probably unrelated. Quartz "bleb~ 
appear less continuous than in the lower-plate mylonites. I 
map-unit PCgn provided by Shakelford (1989) and Suneso 
dominantly SE-NW orientated lineations; this contrasts wit 
exhibited by footwall mylonites. Shakelford (1989) suggesl 
associated with map-unit PCgn was probably Precambrian 
between this unit and map-unit PCbg in sec. 36 (T. 12 N., R 
(T. 11 N., R. 15 W. ) is ambiguous in nature and is interpret 
though it was interpreted by Shakelford to be an intrusive I 

Biotite granite (Precambrian) - reddish brown to gray, 
grained, weakly to non-foliated, porphyritic biotite granite. ( 
and brecci~ted. Locally intruded by pegmatite, aplite, quart 
diabase of probable Proterozoic age. 

MAP SYMBOLS 

CONTACT: Depositional or intrusive; dashed where appro: 
gradational. dotted where concealed. 

• FAULT: Dashed where approximately located or inferred. ( 
querried where conjectural. Arrow indicates direction and a 

NORMAL FAULT: Dashed where approximately located or 
• concealed, querried where conjectural. Arrow indicates dir( 

Bar and ball on hanging-wall block. 

STRIKE AND DIP OF BEDDING: Where leader present. do 
measurement. 

ANTICLINE: Shows crestline and direction and amount 01 r 

LEADER CONNECTING AREAS OF SAME ROCK UNIT 
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sedimentary rocks inferred to be correlative with this map-unit (Varnold, in press) 
contain e silicic tuff with K-Ar (biotite) ages ranging from 23.0 Ma to 26.57± 0.15 Ma 
(see Varnold, in press, for references). 

Basal sandstone and conglomerate (Miocene or Oligocene) - reddish
orange to brown granular sandstone and conglomerate derived predominantly from 
Precambrian crystalline rocks. Contains white to light green, lenticular reduction spots 
and thin, heavy-mineral-rich horizons. Granules and small pebbles are typically 
subangular to angular, while larger clasts are commonly subrounded. Beds are 
moderately to well stratified, and cross·lamination is common. Deposits are dominantly 
fluvial in origin with rare debris-flow interbeds. Cobble to boulder conglomerate facies 
locally crop out near the basal contact and contain clasts of Precambrian granite and 
gneiss, metarhyolite of Precambrian or Mesozoic age, and white to red quartzite; 
clasts derived from Mesozoic metamorphic rocks are also present locally and increase 
in relative abundance toward southeast part of map area. This map unit fines and 
grades upward into overlying sedimentary beds. 

Metamorphic and Igneous rocks, undifferentiated (Mesozoic and 
Paleozoic) - dominanl rock types include: white, gray and brown, variably cherty, 
metamorphosed limestone and dolomite interbedded with white to greenish-gray 
quartzite and green to purple phyllite (Paleozoic); green to brown quartz-mica·feldspar 
schist (Mesozoic) with small (1-2 mm) quartz and feldspar phenocrysts, interpreted to 
represent metamorphosed volcanic and sedimentary rocks; and green to reddish
brown, coarse· grained alkali gr;:lnite (Mesozoic?). 

Gneiss (Precambrian?) - green to pink or gray, highly sheared and weathered 
granitic gneiss. Weakly to well foliated; locally displays a streaky mineral lineation. 
Locally intruded by diabase dikes. Although these gneissic rocks somewhat resembla 
Tertiary mylonitic rocks present in footwall exposures in the Rawhide Mountains 
(interpreted to be equivalent by Suneson, 1980), the authors agree with Shakelford 
(1989) in his interpretation that the rock types are distinct, and that their associated 
deformational events are probably unrelated. Quartz "blebs" within map-unit PCgn 
appear less continuous than in the lower-plate mylonites. In addition, fabric data from 
map-unit PCgn provided by Shakellord (1989) and Suneson (1980) indicate 
dominantly SE-NW orientated lineations; this contrasts with the SW-NE trend typically 
exhibited by footwall mylonites. Shakelford (1989) suggested that deformation 
associated with map-unit PCgn was probably Precambrian or Mesozoic. The contact 
between this unit and map·unit PCbg in sec. 36 (T. 12 N., R. 15 W.) and sec. 1 
(T. 11 N., R. 15 W. ) is ambiguous in nature and is interpreted here as a fault (querried), 
though it was interpreted by Shakelford to ,be an intrusive contact. 

Biotite granite (Precambrian) - reddish brown to gray, medium- to coarse
grained, weakly to non-foliated, porphyritic biotite granite. Commonly highly weathered 
and brecciated. locally intruded by pegmatite, aplite, quartz and dark green to gray 
diabase of probable Proterozoic age. 

MAP SYMBOLS 

CONTACT: Depositional or intrusive; dashed where approximately located Of 

gradational, dotted where concealed. 

• FAULT: Dashed where approximately located or inferred, dotted where concealed, 
querried where conjectural. Arrow indicates direction and amount of dip. 

NORMAL FAULT: Dashed where approximately located or inferred, dottedvhere 
• concealed, querried where conjectural. Arrow indicates direction and amount of dip. 

Bar and ball on hanging-wall block. 

STRIKE AND DIP OF BEDDING: Where leader present, dot shows location of 
measurement. 

ANTICLINE: Shows crestline and direction and amount of plunge. 

LEADER CONNECTING AREAS OF SAME ROCK UNIT 
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Arizona, In ::;pencer, J.E. and Reynolds, S.J., eds., 1989, Geology and mineral 
resources of the Buckskin and Rawhide Mountains, west-central Arizona: 
Arizona Geological Survey Bulletin 198, plate 1. 

J.E. Spencer and S.J. Reynolds - Geologic map of Miller Mountain in the northern 
Rawhide Mountains. in Spencer, J.E. and Reynolds, S.J., 1990, Relationship 
between Mesozoic and Cenozoic tectonic features in west-central Arizona and 
adjacent southeastern California: Journal of Geophysical Research, v. 95, 
p. 539-555, fig. 5. 
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measurement. 
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