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ABSTRACT 

Greenschist-facies, Lower Proterozoic .etasedi

.entary rocks of the Johnny Lyon Rills and Little Dragoon 

Mountains of southeastern Arizona were deposited prior to 

the intrusion of an approxiaately 1690 Ma rhyodacite 

pluton. Well-preserved primary structures indicate depo

sition by turbidity currents in an inter.ediate to near

distal setting. Sandstone co.positions suggest derivaticu 

from either a coaplex, heterogeneous source or multiple 

source terranes that provided .ature, quartzose sediment 

as well as lesser quantities of volcaniclastic detritus. 

Barliest defor.ation, predating both intrusion of 

the rhyodacite and metamorphism, produced sections of 

melange composed primarily of dis.embe~ed turbidite beds, 

but also incorporating large (up to several km long) 

blocks of defor.ed basalt. Subsequent deformation, in 

part post-dating intrusion of the rhyodacite and in part 

coinciding with metamorphism, affected both melange and 

coherent strata, and involved isoclinal folding and layer

parallel faulting and shearing. 

It is proposed that turbidite deposition occurred 

in a trench associated with a north-dipping subduction 

zone or on ocean floor outboard of such a trench. Melange 

ix 
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formed primarily by ductile disruption of unlithified 

sedi.ents within the subduction zone. Basalt blocks 

incorporated within the .elange represent frag.ents of 

oceanic crust or seamounts detached fro. the lower plate 

during subduction. Later defor.ation and intrusion of the 

rhyodacite occurred within an accretionary prism above the 

subduction zone. Deformation within the prism ended prior 

to intrusion of the 1625 + 10 Ma pOBttectonic Johnny Lyon 

Granodiorite. 



CHAPTBR 1 

INTRODUCTION 

The Lower Proterozoic rocks exa.ined in detail 

during this research are exposed in the Little Dragoon 

Mountains and the adjacent Johnny Lyon Hills of south

eastern Arizona (figure 1). As is the case for all foli

ated Precambrian rocks in Arizona south of the Globe area, 

they have been assigned to the Pinal Schist (Ranso.e, 1903, 

1904; C. A. Anderson, 1951), but the ter. is an imprecise 

one and its use should be restricted to an informal basis 

only. The rocks considered here are predominantly green

schist-facies metagraywackes, with locally well preserved 

primary structures that indicate deposition by turbidity 

currents. Other lithologies present include metarhyo

dacite, metarhyolite, metabasalt, and minor amounts of 

metachert. 

Despite the age of the rocks, metamorphic recrys

tallization in general has not been severe, and does not 

mask completely the original textures and compositions that 

form the basis of the analysis presented here. Individual 

unaltered sand grains can be readily recognized in the 

coarser sediments, and the more quartzose samples show few 

I 
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Figure 1. Proterozoic outcrops of Arizona (approx. 
1400-1800 Ma) 
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metamorphic effects. Only in the basaltic rocks, where 

chlorite and actinolite have completely replaced the 

original mafic minerals, and in the finest-grained metased

iments, which are now sericite-quartz schists, are there no 

traces of the initial fabric. 

The typical meta.orphic asse.blage in the coarser 

metasedimentary rocks is quartz-sericite-chlorite-albite. 

Biotite and epidote are present in some but not all sam

ples, and garnet is absent. Low-variance assemblages that 

might per.it the deter.ination of precise temperature and 

pressure conditions were not observed, but the overall 

mineralogy suggests lower greenschist conditions, with 

metamorphism occurring in the range of 2-4 kb and 300-

5000 C (Miyashiro, 1973). Given this relatively low level 

of metamorphism and the ease with which protoliths can be 

recognized in the field, the prefix "meta" has been dropped 

throughout this dissertation wherever clarity of meaning 

permits. 

Barly defor.ational features of the rocks, in 

general predating the crystallization of metamorphic min

erals, are well preserved. The most striking structures 

are those that formed during the development of melange and 

broken formation, which are exposed over several tens of 

square kilometers in the Little Dragoon Mountains. The 

term melange is used here as defined by the 1978 Penrose 

conference on melanges, to describe "a mappable ... 
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internally frag.ented and .ixed rock body containing a 

variety of blocks, co •• only in a pervasively deforaed 

matrix" (Silver and Beutner, 1980). Broken formation is 

used synono.ously with Raymond's (1984) term "broken unit" 

to describe strongly deformed and disrupted units in which 

the original stratigraphy can still be observed or approx

imated locally. Structures in .elange and associated 

broken formation include pinch-and-swell structures, 

boudinage, low-angle extensional shear faults, high-angle 

brittle fractures, rootless isoclinal folds, and the 

formation of a pervasively sheared matrix. Other Early 

Proterozoic structures also present in the less disrupted 

sections include map-scale isoclinal folds, low-angle 

faults, and the locally strong development of a slaty 

cleavage generally parallel to compositional layering. 

Map-scale layer-parallel faults that may have repeated or 

rearranged the entire sequence are strongly suspected 

throughout the study area, but the lack of suitable marker 

units precludes their conclusive recognition. 

Sedimentological and structural evidence point 

toward deposition along a convergent margin and early 

deformation in a subduction zone and accretionary prism. 

The lack of shallow-water facies associated with the turbi

dites indicates deposition in a deep marine basin, and, 

although petrographic provenance interpretations prove 

inconclusive, their varied compositions may reflect the 
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dissection of a mature magmatic arc or the mixing of 

continentally derived oceanic sediments or trench fill with 

local arc detritus. Melange derived from .arine turbidites 

is not by itself uniquely diagnostic of subduction, but, as 

is discussed in Chapter 7, such an origin seems probable in 

most cases, including this one. The recent recognition of 

the geochemical similarity of the la~gest basalt inclusion 

in this melange to younger oceanic basalts (Copeland and 

Condie, 1986) further supports the interpretation of a 

subduction origin in this case. 

The recognition of a fossil subduction zone and the 

associated accretionary prism is a major contribution to 

the understanding of the Barly Proterozoic geology of 

Arizona and western North America in general, but it should 

come as no surprise. The general accretionary pattern of 

the Early Proterozoic southern margin of western North 

America has been known as long as radiometric dates have 

been available (see, for example, the summaries in Van 

Schaus and Bickford, 1981, and Bickford and others, 1986), 

and has recently been refined by Nd-Sm isotopic work 

(figure 2; Nelson and DePaolo, 1985; Patchett and Arndt, 

1986). No Archean crust is present anywhere south of the 

Wyoming craton, and the Lower Proterozoic rocks that 

extend from there more than 1000 km south to the Arizona

Mexico border were apparently deposited, deformed, accreted 

to cratonic North America, and consolidated into new 
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continental crust all within a span of less than 200 

million years. Dates fro. the Lower Proterozoic of Arizona 

confir. this accretionary trend (figure 1; Silver and 

others, 1977a; Karlstrom and others, 1987), and indicate 

that the continental .argin aigrated southeastward through 

time. 

Like younger accretionary systeas, the Barly 

Proterozoic belt of western North Aaerica should contain 

widespread evidence for the operation of past plate-margin 

processes. The most convincing exa.plea so far have been 

the recognition of .agaatic arc volcanic rocks, first at 

Jerome in Arizona (P. Anderson, 1978; P. Anderson and 

Guilbert, 1979), and subsequently in other locations 

throughout the region (Condie and Shadell, 1984; Copeland 

and Condie, 1986; Condie, 1986). Accretionary models have 

been proposed in which continental growth occurred by the 

collision of island arcs (Hills and Houston, 1979), and by 

the accordion-like closure of inter-arc basins as the plate 

boundary migrated southward (Condie, 1982, 1986). A more 

detailed model has been proposed for Arizona, complete with 

a discussion of the polarity of subduction, the timing of 

probable polarity flips, and the nature, either continental 

or oceanic, of the crust of the over-riding plate (P. 

Anderson 1986a, 1986b). 

The implications of this dissertation for models of 

the Early Proterozoic tectonic history of Arizona will be 
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discussed in Chapter 9, but the general significance of the 

research warrants mention here. Previous arguments for 

the operation of plate tectonic processes in the Barly 

Proterozoic of western North America have been based 

entirely on petrologic and chemical criteria. Here, for 

the first time, is structural and sedi.entological evidence 

for an actual plate boundary. This is not to i.ply that 

the study area contains "the plate boundary", since modern 

analogs indicate that co.plex accretionary systems are 

characterized by .ultiple plate boundaries that are short

lived in both space and ti.e, but merely that it is a good 

example of a recognizable frag.ent of a formerly active 

subduction system. Other such fragments in all probability 

existed throughout the Lower Proterozoic rocks of western 

North America, much as they do in younger belts, and 

further research may reveal even better examples. 



CHAPTER 2 

GEOLOGY OF THE JOHNNY LYON HILLS 
AND LITTLB DRAGOON MOUNTAINS 

The general geology of the Johnny Lyon Hills and 

the Little Dragoon Mountains has been described and aapped 

in excellent detail by Cooper and Silver (1964), and auch 

of what follows in this chapter is drawn from their work. 

Other pertinent mapping in the ranges is limited to a 

thesis done in the Johnny Lyon Hills by Silver (1955; .uch 

but not all of the material covered therein is reproduced 

in Cooper and Silver, 1964), two theses done in the north-

eastern Little Dragoon Mountains in the 1930s (Cook, 1938; 

Enlows, 1939; both summarized in Bnlows, 1941), and a 

recent and significant revision of the,previous interpre-

tations of the regional structure (Dickinson, 1984). 

Geochronological studies done in the area are reported by 

Silver (1963; 1978), and Silver and Deutsch (1963). 

The two ranges are of comparable size, with pre-

Tertiary exposures in each covering between 100 and 150 

km2 • The basic stratigraphic sequence in each is the 

same. A pronounced angular unconformity separates Middle 

Proterozoic sandstones of the lower Apache Group (Pioneer 

Shale and Dripping Springs Quartzite) from the Lower 

9 
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Proterozoic basement. They in turn are overlain, also 

unconformably, but with little if any angularity, by the 

familiar lower Paleozoic sequence of southeastern Arizona. 

Paleozoic rocks younger than the Mississippian Escabrosa 

Li.estone are aissing, and Mesozoic rocks are represented 

only by structurally isolated blocks of Jurassic(?) Walnut 

Gap volcanics and Lower Cretaceous Bisbee Group. Younger 

sediments are restricted to upper Tertiary and Quaternary 

alluvial deposits that surround both ranges. 

The two ranges also share a similar overall struc

ture: a cover of relatively undeformed Paleozoic and 

Middle Proterozoic strata that dips northeastward off an 

uplifted core of older metamorphic and igneous rocks 

(figure 3). This superficially simple picture reflects a 

complicated geologic history, however, which records the 

effects of as many as seven distinct post-Early Proterozoic 

tectonic events (table 1). Each of these events carries 

the potential to have obscured the Early Proterozoic 

features of interest here, but in fact such overprinting is 

rarely a proble •. 

Three of the events caused only minor disruption 

in exposed sections of the basement, and need only brief 

mention. The intrusions of the Tungsten King Granite at 

1420 ± 10 Ma (Silver, 1978) and the Texas Canyon Quartz 

Monzonite in Late Cretaceous or Eocene time (K-Ar dates of 

50-55 Ma are reported by Marvin and others, 1978) resulted 
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Table 1. Post-Early Proterozoic tectonic events in 
southeastern Arizona and their manifestations in the 
Johnny Lyon Hills and Little Dragoon Mountains. Phanero
zoic unconformities are ommitted. 

AGE 

Late Tertiary 

Mid-Tertiary 
(Oligocene
Miocene) 

Eocene or Late 
Cretaceous 

approx. 70-55 
Ma 

approx. 150 Ma 

200-150 Ma 

1100-1200 Ma 

1400~1500 Ma 

EVENT 

Basin-end-Range 
normal faulting 

Low-engle extensional 
tectonics 

Late Laramide pluton
ism 

Laramide compressional 
tectonics 

Late Jurassic high
angle faulting 

Jurassic arc magmatism 

period of uplift, 
erosion, and sub
sidence 

"rifting" event, with 
diabase intrusion 

period of uplift, 
erosion, and sub
sidence 

"anorogenic" plutonism 
(Silver and others, 
1977b) 

LOCAL MANIFESTATION 

Widespread N-S trend
ing faults 

Li.Jae Peak low-angle 
faul t system 

Texas Canyon Quartz 
Monzonite 

NE- and NW- verging 
thrust faults, NE
trending open folds 
involving basement 

probably present, but 
not conspicuous 

not present wi thin 
study area, but 
present throughout 
adjacent ranges 

major disconformity 
at base of Paleozoic 
section 

intrusion of diabase 
sills 

major angular uncon
formity 

intrusion of 1420 + 
10 Me Tungsten King 
Granite 
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in local contact metamorphism of the older rocks (Cooper 

and Silver, 1964), but apparently did not involve folding 

or faulting of the section. Intrusion of 1100 ± 15 Ma 

diabase sills is restricted to Middle Proterozoic rocks of 

the Apache Group, and feeder dikes that cut older rocks 

have not been observed locally (Cooper and Silver, 1964; 

Silver, 1978). High-angle faults similar to those associ

ated with the emplacement of sills of this age elsewhere 

in the state (Shride, 1967; Davis and others, 1981) have 

not been recognized here. 

A fourth tectonic event, Late Jurassic high-angle 

faulting, can not be conclusively demonstrated anywhere 

within the area, but Cooper and Silver (1964) recognized 

"post-Paleozoic pre-Cretaceous " faults in the Gunnison 

Hills several km to the east, and inferred that similar 

faults in east-west and northeast-southwest trending sets 

throughout the Little Dragoon Mountains were of the same 

age. Displacements are not great, and the local absence 

of Precambrian clasts in the Lower Cretaceous Glance 

Conglomerate indicates that basement was not exposed at 

this time (Cooper and Silver, 1964). No faults clearly of 

this age have been recognized in basement rocks in this 

study, although some are undoubtedly present. 

Late Cretaceous and earliest Tertiary compressional 

deformation resulted in thrusting throughout the area 

(figure 3). The faults, which are of local extent only 
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and rarely extend aore than a mile along strike, clearly 

do cut crystalline basement. None have been mapped wholely 

within Lower Proterozoic rocks, but it is possible that 

such do exist and that they have not been recognized 

because of the lack of stratigraphic markers. Apparent 

transport directions range fro. west-northwest in the 

northwestern Johnny Lyon Hills to northeast in the south-

eastern Little Dragoon Mountains. 

Large, open, and upright folds that fora the core 

of the northern Little Dragoon Mountains .ay also date 

from Laramide time, since the folds are cut by low-angle 

faults of mid-Tertiary age discussed below (figure 3). 

Changes in foliation attitudes in the Lower Proterozoic 

rocks indicate that folding did involve the basement. 

Axes of the folds, which are an anticline and syncline 

pair with a wavelength of approximately 5 k., now trend 

roughly N45E and plunge 20 0 ME.l It is not clear whether 

the plunge of the folds is a primary feature or a result 

of tilting during younger faulting, but in either case the 

present orientation of the folds almost certainly developed 

simultaneously with the major HE-dipping hoaocline exposed 

in the Johnny Lyon Hills. 

1. The determination of this orientation, as is shown 
in Appendix 1, is based on a stereonet analysis of 75 
poles to post-Lower Proterozoic bedding reported by Cook 
(1938), Enlows (1939), and Cooper and Silver (1964). 
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Low-angle extensional faults of mid-Tertiary age 

are the most dramatic structures of both ranges, involving 

the displacement of sections of both Precambrian base.ent 

and younger strata about 4.9 k. in a S50W direction (figure 

3; Dickinson, 1984). Although upper plate rocks have been 

substantially disrupted by imbricate low-angle faults and 

abundant high-angle faults, no deformation of this age is 

present below the master faults of the system. Detailed 

analysis of Early Proterozoic structures therefore was 

undertaken here only within the lower plate (figure 4, in 

pocket). As can be seen by the lack of offset in markers 

such as the rhyodacite dikes of the Johnny Lyon Hills 

(figure 3), however, transport on the faults is generally 

subparaliel to the trend of foliation in the basement, and 

the crystalline rocks of the upper plate are simply a 

higher structural level of the section exposed in the 

lower plate. 

Late Tertiary high-angle faults are common through

out the region, but they do not form the striking range

bounding structures here that they do elsewhere in southern 

Arizona. North-south trending faults juxtapose basement 

rocks and the Paleozoic section in the northwestern Little 

Dragoon Mountains (figure 3), and similar faults are 

almost certainly responsible for the exposure of generally 

deep structural levels throughout the area. Several major 

east-west trending high-angle faults, the largest of which 
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cuts across the Little Dragoon Mountains south of Li.e 

Peak (figure 3), clearly overlap in age with the north

south faults (Cooper and Silver, 1964), and de.onstrate 

that at least locally Late Tertiary extension was .ore 

complicated than simple east-west stretching. Saaller, 

priaarily north-south trending faults of this generation 

cut basement in .any places in the Little Dragoon Moun

tains, and can be recognized in the field as zones of 

brittle fracturing, local offsets in stratigraphic units, 

and breaks in topography. The young age of at least some 

of these faults can be seen in offsets in unconsolidated 

Tertiary and Quaternary gravels that fill the larger 

valleys. 



CHAPTER 3 

LOWER PROTEROZOIC VOLCANIC AND HYPABYSSAL ROCKS 

Lower Proterozoic igneous rocks of five distinct 

generations occur in the Johnny Lyon Hills and the Little 

Dragoon Mountains. The youngest of these, the Johnny Lyon 

Granodiorite (figure 3), postdates defor.ation of the 

.etasedimentary section, and is of interest here only in 

that its age, 1625 ± 10 Ma, constrains the earlier events 

(Silver and Deutsch, 1963; Silver, 1978). The other four 

units, rhyodacite, rhyolite, and two separate generations 

of basalt, all occur within the metasedimentary sequence 

and show varying degrees of early deformation and meta

morphism. Bulk chemical analyses of four of the lithol

ogies are available in Cooper and Silver (1964) (they did 

not recognize the younger basalt), and of the rhyodacite 

and older basalt only in Copeland (1986). Copeland and 

Condie (1986) published an average composition for the 

older basalt. 

Older basaltic rocks and associated chert 

Basaltic rocks occur as elongate masses irregularly 

distributed throughout the strongly deformed region of 

melange and broken formation in the Little Dragoon 

17 



18 

Mountains (figures 3, 4). They are completely absent from 

the less deformed sedimentary sections such as those of the 

Johnny Lyon Hills. The inclusions range in length from 

several cm to slightly over 2 ka, and all have apparently 

undergone the saae deformation that affected the surround

ing sedimentary sequences. The largest body, northeast of 

Lime Peak, is clearly folded, and both liabs show evidence 

of flattening and stretching. Except near the cores of 

the largest bodies, all are strongly foliated, and all 

show evidence of pervasive shearing and fracturing in both 

hand sample and thin section. Contacts with the surround

ing rocks are strongly deformed, with the local development 

of sheared mixtures of basaltic and quartzose fragaents in 

both mafic and sericitic matrices. Significantly, no 

intrusive features were observed associated with any of 

these bodies, nor were any described by Cooper and Silver 

(1964). As interpreted here, these basalts did not intrude 

the sediments. Rather, they formed elsewhere prior to 

being incorporated into the section by tectonic processes. 

Just how and where the basalts did form is less 

certain. On the basis of possible pillow structures and a 

single volcanic breccia(?), Cooper and Silver (1964) 

tentatively favored a submarine extrusive origin, but they 

were unable to locate conclusive textural features. No 

new evidence could be located in the course of this re

search, although it is worth noting that faint pillow-like 
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structures are perhaps more co.mon than they believed. 

One line of circu.stantial evidence supports the extrusive 

interpretation for at least soae of the basalts: pods of 

massive, red-weathering ferruginous chert are associated 

with several basalt exposures, including the largest, and 

they share the same deformational history. If these 

cherts represent volcanogenic exhalative precipitates, a 

reasonable assu.ption given their association with basalt, 

then the basalt itself must have been at or near the 

surface of the sea floor at the tiae of their deposition. 

Geochemical data reported by Copeland and Condie 

(1986) contribute an independent and important line of 

evidence relevant to the origin of the basalt. Values for 

Th-Hf-Ta distributions from five samples, all taken from 

the largest basalt body northeast of Lime Peak, are shown 

in figure 5a. All plot within the enriched mid-ocean 

ridge basalt (EMORB) or within-plate basalt (WPB) field of 

Wood (1980), and are clearly distinct from the arc-related 

Lower Proterozoic basalts in the Dragoon, Dos Cabezas, and 

Chiricahua Mountains to the southeast (Copeland and Condie, 

1986). Notwithstanding tentative proposals of both a 

continental rift origin for the basalts (Copeland and 

Condie, 1986) and formation in a back-arc basin (Copeland, 

1986), it should be emphasized that the geochemical indi

cators are wholely compatible with an oceanic origin for 

the largest block of basalt. Younger oceanic basalts with 



Figure 5. Geocheaical di.criaination diagraa. 

a. Th-Bf-Ta distribution of Lower Proterozoic 
basaltic rocks of southeastern Arizona. Data from 
Copeland (1986) and Copeland and Condie (1986). 
Fields from Wood (1980), labeled as follows: A, 
arc systems; B, "noraal" aid-ocean ridge basalt; C, 
enriched aid-ocean ridge basalt and tholeiitic within
plate basalt; D, alkaline ~ithin-plate basalt. 

b. Zr-Ti-Y distribution of Lower Proterozoic 
basaltic rocks of the Little Dragoon Mountains. Data 
froa Copeland (1986). Field. froa Pearce and Cann 
(1973), labeled as follows: A, within-plate basalt; 
B, island arc tholeiite; C, island arc tholeiite and 
aid-ocean ridge basalt; D, calc-alkaline basalt. 
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comparable distributions as reported by Wood (1980) include 

EMORB samples froa Iceland, the North Atlantic Ridge at 

36°N, the Afar, and WPB samples from two seamounts in the 

Emperor Chain. Continental exaaples are limited to a 

single rather atypical WPB setting - the Snake River 

Plain. 

Copeland (1986) plotted the saae five saaples on 

the Zr-Ti-Y diagram of Pearce and Cann (1973) in hopes of 

distinguishing between the EMORB and WPB possibilities 

(figure 5b). These results are considerably less con

clusive, since four of the five samples plot on or near 

the field boundary, but narrowly interpreted they imply a 

WPB setting analogous to either the Emperor Seamounts or 

the Snake River Plain. 

One remaining occurrence of basalt of this genera

tion requires mention here. As will be discussed again in 

Chapter 6, a single large (over 400 m long) and strongly 

deformed inclusion of basalt that lies entirely within 

rhyodacite in the northernmost Little Dragoon Mountains 

provides useful information on the timing of the intrusion 

of the felsic pluton (figure 4). The inclusion is identi

fied as a xenolith on the basis of its well-developed 

foliation that locally lies at a high angle to the weak 

foliation of the pluton, and it is interpreted as a remnant 

of a tectonic block, similar to those described above, 



that was i.placed into sedimentary section prior to the 

intrusion of the rhyodacite. 

Rhyodacite 
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Narrow, discontinous sills of rhyodacite that 

intrude metasedimentary rocks in the Johnny Lyon Hills can 

be traced along strike the entire width of the outcrop 

belt (figure 3). The largest exposures are several tens 

of meters thick; most are much narrower. Rhyodacite also 

intrudes the metasedimentary section as two irregular 

plutons, the larger of which is a stock-like body in the 

northwestern Little Dragoon Mountains (figures 3 and 4). 

A much smaller mass is exposed in the southern Johnny Lyon 

Hills, and it may represent a portion of a similar large 

pluton, the bulk of which lies buried beneath alluvium. 

In most outcrops of the sills and in some locations within 

the larger bodies, the rhyodacite shows a weak foliation 

defined by the preferred orientation of quartz phenocrysts 

and mafic grains. Pervasive metamorphic effects in both 

are generally limited to the alteration of feldspars to 

sericite and the recrystallization of some quartz. None 

of the bodies have fine-grained chilled borders, although 

cross-cutting contact relationships and the presence of 

xenoliths clearly establish their intrusive nature in many 

locations. Both the larger plutons and the sills do show 

evidence of shearing and movement that postdated intrusion. 
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Cootacts are deformed in several locations, and foliations 

defined by parallel, chlorite-rich shear surfaces are 

locally well developed near the margins of the intrusives. 

Samples from the rhyodacite sills io the Johnny 

Lyon Hills have yielded a U/Pb zircon date of 1680-1700 Ma 

(Silver, 1963, 1978). At present this is the only U/Pb 

age older than 1625 Ma available fro. any locality in 

southern Arizona, and as such it provides an essential 

contraint on the tiaing of Early Proterozoic events. 

Rhyolite 

Rhyolite, distinguishable from the rhyodacite by a 

distinctly higher silica content (Cooper and Silver, 

1964), and a finer ground.ass, is exposed io a series of 

elongate pods or lenses within strongly deformed metasedi

mentary rocka in the northern Little Dragoon Mountains 

(figure 4). All the lenses, the largest of which is 

nearly 200 m thick and 900 • long, are aligned in a single 

band that can be followed 5 km along strike, and the 

defor.ation visible at their ends indicates that they are 

broken fragments of a once continuous sheet. Field evi

dence fro. the largest body, northeast of Lime Peak, 

contradicts Cooper and Silver's (1964) assertion that the 

body formed as a surficial flow. Prominent chilled borders 

are present at both margins of the rhyolite, and the local 

presence within adjacent wallrocks of randomly oriented 
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aggregates of chlorite. presumably replacing an older, 

unknown mineral. suggests some degree of contact .etamor

phism. The "conspicuously flow-banded ..• breccia" cited 

by them as evidence for the flow origin could not be 

located, although in several locations along the northwest 

.argin of the body breccia-like .ixtures that include both 

rhyolite and metasedimentary rock have been produced by 

younger deformation. In the interpretation preferred 

here, the rhyolite was intruded as a sill into an already 

existing sedi.entary sequence rather than extruded onto 

the floor of a marine basin. 

Silver (1978) believed the rhyolite to be of the 

same age as the rhyodacite. As is discussed again in 

chapter 6. differences in the deformational histories of 

the two intrusives favor an interpretation in which the 

rhyolite is slightly older than the rhyodacite. Structural 

evidence cannot, however, rule out the possibility that 

the two intruded simultaneously. 

Younger .afic dike rocks 

Rare exposures of a clearly intrusive basaltic 

rock occur in Sheep Camp Wash in the southwestern Little 

Dragoon Mountains, and must belong to an otherwise un

recognized and younger generation of Early Proterozoic 

~afic igneous activity. Bssentially undefor.ed dikes cut 

both melange and. in one location, a strongly deformed 
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tectonic block of basalt of the type described above. The 

dike rock does show, however, a weak .eta.orphic foliation 

parallel to the regional fabric, and therefore aust be 

older than the unfoliated 1625 Ma Johnny Lyon Granodiorite. 

Chemical analyses are not available tor this lithology. 



CHAPTBR 4 

SEDIMENTOLOGY OF TURBIDITES 

Protoliths for the sediaentary lithologies present 

in the Lower Proterozoic section of the Johnny Lyon Hills 

and the Little Dragoon Mountains include fine- to coarse

grained sandstone, siltstone, shale, and granule to pebble 

conglomerate. Individual sand beds range in thickness 

from less than one ca to several meters, with a typical 

thickness of 10 to 30 ca. Finer-grained units, now largely 

metamorphosed to sericite-quartz schists, are typically 

interlayered with beds of coarser material, although 

sections of several tens of meters of uniformly fine

grained material are not unco.mon. Conglomerates occur 

only as gradational phases of the coarsest sandstones, and 

do not reflect significant depositional hiatuses or tec

tonic events. As is discussed below and as was first 

observed by Silver (Silver, 1955; Cooper and Silver, 

1964), primary structures and the distinctive alternating 

pattern of coarse-grained and fine-grained beds indicate 

that certainly most and probably all of the clastic rocks 

were deposited by turbidity currents. 

26 
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Primary st~uctures 

Bedding and related structures 

The .ost abundant and best preserved primary 

structures in the sedi.entary section are the co.positional 

layers that define bedding. Moet exposures show composi

tional banding to some degree, and it is usually prominent, 

since the greater resistance to weathering of the coarser 

beds relative to the strongly cleaved finer-grained units 

gives outcrops a characteristic staircase or card-like 

appearance (figure 6). Relative abundances of fine and 

coarse layers vary considerably, with approxi.ate 

"sand/shale" ratios ranging from 1:2 to greater than 

100:1. Lower contacts of the sand beds are nearly every

where sharp and well defined, except where fine interbeds 

are absent and sand beds are stacked directly upon each 

other. Upper contacts can be sharp and difficult to 

distinguish from lower ones, or, less frequently, grada-

tional over a few c. into the overlying fine unit. As is 

described below, both upper and lower contacts .ay preserve 

primary depositional structures. 

Graded bedding is visible in enough of the coarser 

units to be useful as an indicator of stratigraphic top, 

although it is by no means present everywhere. This 

distribution reflects variations in the original 
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Figure 6. Lower Proterozoic turbidites, Little Dragoon 
Mountains 
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depositional processes rather selective preservation; not 

all turbidites are graded. Where present, grading most 

commonly affects only the coarser fraction of the bed 

(i.e., it is coarse-tail grading of Middleton, 1967, in 

which the finer matrix is present at all horizons). In 

all examples where stratigraphic top could be determined 

the sense of grading is normal, with the coarser fraction 

dropping out in an upward direction. It is most common at 

the bases of coarse sandstone beds, but also may be found 

at irregularly spaced levels within the thicker units well 

above their bases. Lowe (1982) observed similar zones of 

both normal and inverse grading within younger sand beds, 

and attributed their formation to fluctuations in transport 

conditions during a single sediment flow. Grading is not 

restricted to the coarser sand fractions. Fine- to medium

grained sandstones as thin as one cm may show grading, and 

several examples of grading in thin silt beds were observed 

in thin section. 

With the obvious exception of massive horizons 

that may belong to Ta or Tb units, other features predicted 

by the Bouma model for turbidite deposition are less 

common (Bouma, 1962). Faint, curved laminae perhaps 

representing fluid escape structures are occasionally 

visible in the thic~est beds. Planar laminae characteris

tic of the upper portion of Bouma unit Tb are probably not 

rare, but they commonly cannot be distinguished from 
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younger cleavage with any confidence, and their true 

abundance is thus unknown. The small-scale cross-bedding 

and plane and convolute laminations of units Tc and Td are 

unmistakable, however, where they are present. As is the 

case for graded bedding, the relative scarcity of these 

features probably reflects their absence fro. the original 

sequence rather than their destruction by later events. 

Complete Bouma sequences are uncommon and even absent in 

many modern turbidite sections and should not be considered 

an essential diagnostic feature of turbidite deposition 

(e.g., Mutti and Ricchi-Lucchi, 1972; Ingersoll, 1978). 

Sole marks 

Sole marks visible on the base of many of the 

thicker sand beds include load structures and current 

scours (figure 7). Load structures appear as irregular, 

rounded features up to several tens of cm long, and are 

best developed on the base of relatively thick (>20 cm) 

sand beds that overlie fine-grained units of comparable 

thickness. Current scours are elongate features cut into 

the sea floor during sediment flow and preserved as casts 

on the bases of newly deposited sand beds. Scour forms 

may vary widely, and those present here range from rela

tively straight to ropy or anastomosing shapes up to 50 cm 

long. In rare locations, fan-shaped structures the apexes 

of which presumably point up-current are preserved. The 
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Figure 7. Sole marks 
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relative abundance of scours in the original sequence is 

problematic, since contacts between competent sandstones 

and incompetent shales are also likely surfaces for younger 

tectonic deformation, and structures such as pinch-and

swells, rods, and mullions can closely mimic soft-sediment 

scours. Similarly, the transport directions suggested by 

the unequivocal scours are of uncertain aignificance. 

Several dozen "paleocurrent" trends were recorded in the 

field, and all were subparallel to the local tectonic 

lineation. In the absence of any means to assess the 

amount of rotation each indicator may have undergone, 

there is no unambiguous way to infer original transport 

directions. 

Other soft-sediment deformational features 

Other soft-sediment deformational features are not 

abundant. A few examples of intraformational convolute 

bedding can be recognized, and a single outcrop of thick 

and otherwise massive sandstone in Sheep Camp Wash in the 

southern Little Dragoon Mountains contains chaotic folds 

suggestive of slumping. Some irregular folds preserved in 

melange and broken formation may well also record early 

slumping, but evidence that might demonstrate their syn

depositional origin has been completely obscured by the 

tectonic overprint. 
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The possibility that most or all of the melange 

deformation may have occurred in massive submarine land

slides, as has been proposed for many younger melanges 

(e.g., Page and Suppe, 1981; Jacobi, 1984; Cowan, 1985), 

will be discussed in greater detail in Chapter 7. I 

believe that possibility to be remote for this melange. 

For the purposes of the discussion here, however, it is 

worth noting that in general the distinction between "soft

sediment" and "tectonic" deformation is of little use in 

characterizing melange. Structures generated by tectonic 

processes in unlithified sediments are potentially indis

tinguishable from those produced in olistostromes, since 

identical flow conditions may occur locally in either 

setting (Maltman, 1984). Regardless of the mode of origin, 

melange is fundamentally unlike other soft-sediment defor

mation, and it is misleading to consider it as being in 

any way analogous to local features such as convolute 

bedding or slump folds. 

Depositional facies 

Turbidite depositional sequences have been studied 

in detail both in active submarine systems (e.g., Stanley 

and Kelling, 1978; Bouma and others, 1985; Thornburg and 

Kulm, 1987) and in countless examples from the rock record. 

Most have been interpreted as submarine-fan deposits, 

following modifications of the model proposed by Mutti and 
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Ricchi-Licchi (1972), in which turbidity currents that 

disperse outwards on the basin floor fro. a point source 

at a canyon mouth generate a submarine feature analogous 

to an alluvial fan. Other possible settings do exist, 

however, and turbidites cannot be taken as de facto evi

dence for submarine-fan deposition. One such alternative 

.odel involves raap settings, where, in the absence of 

well-defined submarine canyons, turbidity currents origi

nate at multiple sources along a continuous slope rather 

than at a single point (Heller and Dickinson, 1985). 

Another is the axial channel model for trench deposition 

(Underwood and Bachman, 1982), although, as Thornburg and 

Kulm (1987) demonstrate, a wide range of depositional 

geometries, including fans, are possible in trenches 

depending on variations in rates of sediment supply and 

convergence. 

Individual facies within turbidite systems can be 

distinguished in remarkable detail (e.g., Ricchi-Lucchi, 

1975; Mutti, 1977; Ghibaudo, 1980), but such classification 

schemes are unavoidably dependent on genetic models, and 

are of limited use in the interpretation of incompletely 

exposed or deformed sequences. The facies classification 

system adopted here is the modification of the Mutti and 

Ricchi-Lucchi (1972) system used by Underwood (1984) and 

summarized in table 2. As originally proposed, each 

facies was linked to specific environments within a 
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Table 2. Turbidite facies classification, as modified 
by Underwood (1984) from Mutti and Ricchi-Lucchi (1972). 

Facies A 

Facies B 

Facies C 

Facies D 

Facies E 

Facies F 

Facies G 

Thick-bedded congla.erate, pebbly coarse 
sandstone; channels coamon. 

Thick-bedded sandstone, JleCiiUll to coarse
grained; .assive to faintly la.inatedj 
dewatering structures. 

Classical "proxiaal" turbidites; 
interbedded sandstone and shale with graded 
bedding. 

Thin-bedded "distal" turbidites; 
sandstone/shale ratio less than 1. 

Thin sandstone beds with shale; lenticular 
bedding, traction features, sa/sh ratio 
greater than 1. 

Chaotic resedimented deposits; pebbly 
mudstone, slump blocks, etc. 

Mudstone, shale, marl; includes lutite 
turbidites. 
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submarine-fan; as modified by Underwood and as used here 

the categories are purely descriptive and do not imply any 

particular depositional model. 

The turbidite sequence of the Johnny Lyon Hills 

and the Little Dragoon Mountains contains well-preserved 

examples of each of the facies A through E as defined in 

Table 2, although facies A, composed of the coarsest 

sandstone and conglo.erate, is rare. Facies G, unbroken 

mudstone, is probably represented by the thicker sequences 

of uniformly fine-grained sericite-quartz schist, but the 

lack of preservation of bedding or other primary structures 

prevents a positive classification. Facies F, the chaotic, 

olistostromal deposits found in .any turbidite sequences, 

may be more common than the single problematic exposure in 

Sheep Camp Wash in the southern Little Dragoon Mountains, 

but, as was discussed above, melange overprinting precludes 

its recognition. 

Representative measured sections show typical 

facies sequences for the sandier sections (figure 8, in 

pocket). Facies B, the thick, massive channels, and 

facies C, the channel sands that show Bouma structures, 

form dramatic, resistant outcrops and are common throughout 

the region (figure 8, columns A and D; figure 9). 

Sand/shale ratios are extremely high, and individual bed 

thicknesses commonly exceed I m. Amalgamation of sand beds 

is common. Primary structures include graded bedding, load 
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features, and the fine laminations of Bouma units Tc and 

Td. Individual sand beds can be traced more than several 

tens of meters along strike only rarely, and entire packets 

like this are nowhere continuous laterally for aore than a 

few hundred meters, Buggesting deposition in relatively 

isolated channel systeas. Neither fining- and thinning

upward nor coarsening- and thickening-upward patterns 

dominate these sequences, although occasional, short, 

asymmetric cycles are present. The implication is that 

neither progradation nor channel filling and abandonment 

were processes that persisted for any length of time. 

Rather, where they did occur, the effects were local, and 

limited to the lifespan of a single channel. Sequences 

such as these are volumetrically less significant than 

their common preservation might suggest, as their low 

shale content greatly increases the likelihood of their 

having survived deformation intact. In fact, they may 

have comprised only 10 to 20% of the original section. 

Sequences such as those represented by columns B 

and C (figure 8), on the other hand, probably accounted 

for more than half of the original section. Because of 

their susceptibility to tectonic disruption, however, 

complete sequences of more than a few meters are now 

difficult to locate. Facies C, D, and E dominate, and bed 

thicknesses rarely exceed 1 m. Sand/shale ratios vary 

from perhaps 5:1 to 1:2, with most falling Dear 2:1. 
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Occasional channel packages of up to four or five stacked 

sand beds totaling up to several meters can be recognized, 

but the bulk of the sections are simply monotonous alter

nations of relatively thin sandstones and shales or silt

stones (figures 6, 9). Primary structures include graded 

bedding in the sandstone= and both plane and deformed 

laminae in the fine interbeds. Tops to the sand beds are 

usually sharp, although gradational examples are present 

in most outcrops. Bases of the beds are always sharp and, 

with one notable group of exceptions, usually featureless. 

The exceptions are the bases of the isolated, small, 

channel packages, where scour structures are best pre

served. 

It is important to note that the measured sections 

reflect a bias in favor of the sandier, more competent 

sequences. At least one type of sequence that may have 

been volumetrically significant in the original section 

could not be shown in figure 8, since no examples over a 

few meters thick survived deformation intact. The exist

ence of extensive units comprised largely of shale with 

intermittent 5-20 cm sand beds of facies D can be inferred, 

however, by the present composition of the melange. 

Typical sand/shale or block/matrix ratios in the melange 

range from perhaps 1:5 to 1:1, and the great majority of 

the blocks are clearly derived from individual sand beds. 

Since large areas of the Little Dragoon Mountains now 



40 

contain melange, and since the zones of less deformed 

broken formation within the melange invariably show 

sand/shale ratios greater than 1:1, it is reasonable to 

assume that substantial volumes of shale-rich section are 

now represented by melange. 

It would be unrealistic to describe a detailed 

depositional system based on the features discussed above: 

too few sections could be measured and the data are simply 

not definitive. This does not preclude useful observa

tions, however. Since the section contains no coarse 

conglomerates, and since thick channel sequences such as 

that in column I are not abundant, it is very unlikely 

that the section represents the proximal facies of any 

type of depositional system. Neither are channels rare, 

and the section is neither an extremely distal facies nor 

the product of a system starved for sediment. Rather, the 

abundance of relatively thin sandstones of facies C, D, 

and E, suggests a setting in which most deposition occurred 

in small channels and unchannelized sheets that were 

supplied by a relatively small number of large and stable 

feeder channels. 

In the classic submarine-fan model these rocks 

would be classed as the outer portion of the middle fan or 

the inner portion of the outer fan (Mutti and Ricchi

Lucchi, 1972). Alternatively, and certainly more in 

keeping with the relative lack of asymmetric depositional 
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cycles, these rocks could be placed in the distal ramp of 

a delta-fed submarine ramp system (Heller and Dickinson, 

1985). A third possibility is suggested by the work of 

Thornburg and Kulm (1987) on cores taken from the Chile 

Trench: measured sections from the Pinal Schist bear a 

strong resemblance to their channel and levee facies of 

trench fill. Similarities to any of these models should 

not be considered to be conclusive, however. The potential 

variability of turbidite systems is enormous, and features 

of different models might be expected to appear mixed in a 

single setting. 

Compositional analysis of the turbidites 

Modal analyses of 31 samples of medium- to coarse

grained sandstone collected from the Johnny Lyon Hills and 

the Little Dragoon Mountains are presented in Appendix 2. 

Point counts were done using the Gazzi-Dickinson method 

(Ingersoll and others, 1984; Dickinson, 1985), although, 

as is discussed below, modifications of the method were 

required to cope with the problems of replacement during 

metamorphism. Counts were performed on selected thin 

sections that had been stained for both plagioclase and 

potassium feldspar, and approximately 400 framework grains 

(grains> 0.0625 mm) were counted in each instance. Only 

those samples containing less than 20% matrix are reported. 
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Secondary matrix posed a serious problem for the 

determination of the original compositional modes, as it 

has for previous workers in metamorphosed rocks (Condie 

and Martell, 1983; Ingersoll and Suczek, 1984; Condie and 

DeMalas, 1985). Feldspars and lithic grains are partic

ularly susceptible to replacement by fine-grained quartz 

and phyllosilicates, and strict adherence to the 0.0625 mm 

cutoff for framework grains typically results in counts 

with both unrealistically high matrix values and exagerated 

quartz contents. 

To minimize this problem, samples were selected in 

which original grain boundaries could readily be recognized 

in plain light as rinds of fine-grained opaque material. 

Nothing, regardless of present mineralogy or grain size, 

that fell within a grain boundary was counted as matrix, 

and all available textural and compositional evidence was 

used to class grains according to their original composi

tions. Rectangular grain outlines, cleavage patterns 

preserved in mica alignment, the presence of relict pheno

crysts within lithic fragments, and staining all contrib

uted to identifications. 

In practice, the technique proved subjective, and 

capable of generating only approximate results. Diffi

culties in distinguishing primary grain boundaries from 

younger fractures and cleavage surfaces may have resulted 

in the miscounting of the total number of framework grains. 
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Unavoidable problems also arose in distinguishing com

pletely replaced feldspars and lithic grains, and in 

separating chert from silicic volcanic fragments. The 

latter problem, which can be just as vexing in unmeta

morphosed rocks (e.g., Johansen, 1986), proved insurmount

able, and all microcrystalline quartz grains were classed 

as lithic fragments. 

The relative mobility of silica and its propensity 

for replacing other detrital grains posed another poten

tially serious problem. Rare examples of clearly secondary 

monocrystalline quartz were noted replacing feldspar 

grains, and complete replacements of this sort undoubtedly 

resulted in a small overcounting of the quartz component. 

More importantly, all samples contained variable numbers 

of detrital grains now composed largely or entirely of 

relatively coarse-grained (generally 0.05 - 0.1 mm) and 

apparently secondary polycrystalline quartz. Wherever the 

original mineralogy could be determined, the grain was 

classed accordingly, regardless of the location of the 

cross-hairs. Secondary, polycrystalline rims on mono

crystalline quartz grains were counted as Q., partially 

replaced feldspars were counted as if they were intact, 

and so on. Completely replaced grains were classed simply 

as polycrystalline quartz, Qp, and lumped in with the 

presumably relatively small fraction of truly detrital 

polycrystalline grains derived from metamorphic sources. 
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Tectonic provenance interpretations based on these 

counts are necessarily only approximate and qualitative. 

aFL plots generated from the data (figure 10), differ 

significantly from those used for provenance interpreta

tions in unaetaaorphosed rocks (Dickinson and Suczek 1979; 

Dickinson and others, 1983). 

The first plot presented, (Q.+Qp)-F-L, rese.bles 

the Qt-F-L plot of Dickinson and others (1983), in that Qp 

has been placed at the Q pole. The rese.blance is super

ficial, however, because chert, which could not be safely 

distinguished from silicic volcanic fragments has been 

classed with the lithic co.ponent, and, .ore importantly, 

because much of the Qp is undoubtedly secondary, and may 

have replaced lithic fragments and feldspar grains. This 

second factor causes a serious distortion in the plot: 

all values have been shifted an unknown amount toward the 

a pole. The second plot, (Q.+Qp/3)-(F+Qp/3)-(L+Qp/3), is 

an atteapt to place an outer li.it on this distortion. 

Since textural evidence suggests that po1ycrystalline 

quartz is most likely to replace pre-existing quartz 

grains, and since quartz grains were in nearly all cases 

the most abundant grain type to start with, Qp/3 was 

selected as an upper limit for the contribution of F and L 

respectively to the Qp category. In other words, it is 

assumed that at least one third of the Qp counted in each 

thin section was actually replacing Q •• The assumption is 
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Figure 10. QFL distribution diagrams 

See text for discussion of counting procedures and 
tectonic interpretations. 

a. Qm+p includes monocrystalline quartz and all 
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polycrystalline quartz except chert (crystals < approx. 
0.03 mm). F includes all feldspars. L includes lithic 
fragments and chert, which could not be distinguished from 
silicic volcanic fragments. 

b. Poles as above, except that polycrystalline 
quartz has been divided evenly between the three poles. 



almost certainly safe as far as the lower limit of the 

true Q. component is concerned, and it is probably more 

than generous for the rand L fractions. 
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The recalculated Qp/3 plot shifts all values away 

from the Q pole and generally toward the center of the 

diagram, but, with the exception of the loss of the most 

quartzose compositions, the provenance interpretations 

based on either diagram are essentially the same. These 

sands do not have a consistent composition diagnostic of 

any particular type of source terrane. Either they were 

derived from a heterogeneous source terrane containing 

multiple lithologies contributing varying amounts of 

sediments at different times, or they were derived from 

more than one source area. With the exception of cratonic 

interiors, none of the tectonic provenance categories 

defined by Dickinson and others (1983) .can be ruled out, 

but neither can any single one have dominated the sediment 

supply. Implications of this compositional variability 

will be discussed again in Chapter 8, but it is worth 

noting here that unusually variable QFL distributions have 

been reported from flysch basins of the Alpine-Apennine 

collisional orogen (Hubert, 1967; Valloni and Zuffa, 

1984), from subduction complexes (Dickinson, 1982; Lash, 

1985a; Velbel, 1985), and from the modern ocean floor 

(Dickinson and Valloni, 1980; Valloni and Maynard, 1981). 



CHAPTER 5 

EARLY PROTEROZOIC DEFORMATION 

Distinguishing the Early Proterozoic deformation 

that is of interest here from younger structures that may 

overprint it is generally not a problem. The relationship 

of the post tectonic 1625 ± 10 Ma Johnny Lyon Granodiorite 

to the metasediaentary section provides the key evidence. 

Although the granodiorite is not completely undeforaed,l 

intrusion clearly postdates the .etaaorphism of the sedi-

mentary rocks and the development of the foliation with 

its regional northeast trend. All deformation, therefore, 

which either predates metamorphism, such as melange defor-

mation, or is of the same age as foliation development, 

such as isoclinal folding, must also predate 1625 Ma. 

Those younger mesoscopic structures that do affect the 

older rocks, such as the widely distributed kink folds of 

1. Aside from the Lara.ide and Tertiary faults de
scribed in Chapter 2, the granodiorite is also deformed by 
three north-south trending shear zones that cut the pluton 
in the northern Johnny Lyon Hills (Cooper and Silver, 
1964). The age and significance of these shear zones is 
unknown, although they clearly postdate deformation of the 
metasediments and predate deposition of the Middle Proter
ozoic Apache Group. 
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probable Laramide age, invariably deform the early foli

ation. 

Structural units 

Variations in the coaplexity of the early struc

tures permit the mapping of three distinct structural 

units in the metasedi.entari rocks: "coherent section"; 

"broken formation"; and "melange" (figure 4). The original 

sedimentary sections included in each were apparently very 

similar, and they share .any of the sa.e structures, but 

the distinctions are not arbitrary. Rather, they separate 

blocks of rock that have undergone different deformational 

histories prior to and perhaps during their incorporation 

into the present sequence. Some sections have been multi

ply deformed and completely dismembered, while others have 

survived relatively intact. Both the individual structural 

histories of the units and their relation to each other 

are key factors in the development of a comprehensive 

tectonic model. 

Coherent section 

Coherent section is used here to describe those 

rocks in which the full continuity of bedding is commonly 

preserved within outcrops, and in which continuity can 

often be inferred from one outcrop to the next. The term 

does not imply that the rocks are undeformed. In fact, 

continuous, unfolded or unfaulted sections of more than a 
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few tens of meters are uncommon, and evidence of some 

degree of deformation is widespread. Isoclinal fold hinges 

are occasionally visible, and local reversals in graded 

bedding occur throughout the section. Rare, narrow « 20 

cm), layer-parallel bands of intensely dismembered rock 

texturally indistinguishable from the mappable melange 

described below occur throughout the coherent section. 

Broad zones up to several hundreds of meters thick of 

sheared and mylonitized rock are present near the contact 

of the rhyodacite in the northern Little Dragoon Mountains. 

Pervasive lineations defined by chlorite streaks and 

stretched and rotated features occur throughout all three 

structural units, including the coherent section. Several 

key features mark the coherent sections as relatively 

undeformed, however, and serve to distinguish them from 

the other structural units. First, continuous strati

graphic sections up to many tens of meters thick are 

preserved. This is not the case in the other units, even 

within the largest competent blocks in broken formation. 

Second, melange and the various structures associated with 

broken formation are rare, and are restricted to narrow 

zones. Either these rocks did not undergo the same 

stresses that disrupted the other units, or their material 

properties were sufficiently dissimilar that their response 

was dramatically different. Third, as was noted by Cooper 

and Silver (1964) and confirmed in greater detail here, 
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despite the local reversals of stratigraphic tops, the 

great majority of the unit in both the Johnny Lyon Hills 

and the Little Dragoon Mountains is overturned, with tops 

consistently down and to the northwest. 

This asymmetry of facing directions has important 

structural as well as stratigraphic implications, and is 

fundamental to an interpretation of the defor.ational 

history of the unit. Silver (1978) proposed that the 

entire Johnny Lyon Hilla section was essentially strati

graphically continuous, that it lay completely within the 

same limb of an enormous (amplitude of 10 km) and unexposed 

first order fold, and that all observed reversals were 

related to parasitic, second order folds. In keeping with 

the evidence for layer-parallel movement in the section, 

it is proposed here that the isoclinal folds are secondary 

features related instead to low-angle faulting, and that 

the asymmetry is a function of the original geometry of 

the fold and fault system (figure 11, in pocket). Major 

gaps or repetitions in the stratigraphy, rather than 

overall continuity, are predicted, therefore, and there is 

no reason to assume that the preferred facing direction of 

bedding reflects isoclinal folding on a crustal scale. 

The presence of both melange-like and mylonitic 

movement zones within the section also has significant 

implications. If, as seems likely and as is discussed in 

more detail below, melange forms in sediments that are not 
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as yet fully dewatered, then so.e layer-parallel .ove.ent 

may have begun very early. The mylonitic rocks, however, 

demonstrate that shearing also occurred late, after the 

intrusion of the rhyodacite into the fully lithified 

section. One explanation, which will be returned to in the 

development of the tectonic model in Chapter VIII, is that 

the section underwent recurring deformation throughout its 

history of compaction, lithification, intrusion, and 

metamorphism. 

Broken formation 

Broken formation, as was defined in Chapter 1, 

refers to those sections where the original stratigraphic 

sequence can be inferred locally more often than not, but 

where disruption is obvious in all outcrops, and where 

there is no reason to suspect continuity from one outcrop 

to the next. Segments of individual turbidite beds are 

usually well preserved, but complete sequences of more 

than a few meters are rare. Other workers in melange 

terranes have used the term informally in a similar sense, 

but it should be noted that this differs from the original 

definition of Hsu (1968), for whom the term also included 

those fully disrupted sections that lacked exotic blocks. 

Since the presence or absence of exotic blocks is as 

likely to reflect accidents of availability as fundamental 

differences in tectonic processes, that distinction is 
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dropped here, and all mappable, fully disrupted units are 

classed as melange, regardless of their exotic content. 1 

Levels of deformation range from extreme, where 

broken formation grades into melange, to minor, at the 

center of the largest exposures. Characteristic mesoscopic 

features of broken formation are pinch-and-swell structures 

and the low-angle extensional shears that are responsible 

for most of the disruption (figure 12). Boudinage is 

common in the more deformed layers. Isoclinal fold hinges 

are less common here than in either the coherent section 

or the melange. Stratigraphic facing directions show the 

same asymmetry as in the coherent section, although varia-

tion is much greater. High-angle brittle extensional 

fractures that often overprint low-angle surfaces are 

common, but are better developed in the melange. Low-angle 

compressional faults are occasionally visible, and in 

most, but not all, cases cross-cut extensional featur~s. 

The net strain recorded by these rocks is clearly 

one of layer-parallel extension. The earliest structures, 

pinch-and-swell and boudinage, reflect an essentially 

ductile response, and probably formed by intergranular 

flow in relatively incompetent sediments. Younger, silica-

1. For a complete review of the problems and contro
versies of melange nomenclature, see Raymond, 1984. The 
system I use here is essentially his classification type 
VI, and is a simpler version of the final, comprehensive, 
classification type VIII that he proposes. 
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Figure 12. Broken formation 

structures include pinch-and-swell and low-angle shear 
surfaces. 
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filled, high-angle fractures reflect a brittle response of 

more competent sediments, but they carry the same strain 

significance. Low-angle shear surfaces formed at all 

stages and do not indicate a consistent transport direc

tion. Rather, and this is a feature that is also well 

developed in melange, extension by slicing appears to have 

occurred randomly in all directions. Locally the strain 

on each of these surfaces is simple shear, but the net 

strain on a larger scale may be closer to pure shear and 

coaxial flattening. Bell (1978, 1981) observed similar 

anastomosing fault patterns in mylonite zones in amphibo

lite and granulite facies rocks, and attributed them to 

inhomogeneous bulk flattening. Apparently contradictory 

structures such as folds and compressional faults that 

indicate layer-parallel shortening may in fact be predict

able features of an anastomosing network undergoing inhomo

geneous flattening, since shear strains will vary and may 

reverse direction completely as the locus of flow shifts 

through the zone. Compressional features may also reflect 

non-coaxial strains produced by the rotation of blocks 

within the zone during progressive deformation. 

Other compressional features, those that are 

younger and cross-cut extensional features, may be the 

result of a shift through time toward a simple shear 

environment. The rotation of all linear features into 

parallelism in a manner similar to that seen in the 
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coherent sections confirms this observation. Deformation 

in the broken formation that began with the disruption of 

incompetent sediments during flattening may have ended 

with thrusting and folding of the same sort that affected 

the coherent section. 

Melange 

This melange, like many others, is a visually 

striking rock characterized by lens-shaped blocks 

(phacoids) "floating" in a deformed matrix (figure 13). 

Blocks that can be observed in a single outcrop range in 

size from less than 1 cm to several meters; most are less 

than 20 cm in their longest dimension. Nearly all are 

aligned with their shortest dimensions perpendicular to 

foliation (in much of the melange this arrangement defines 

the foliation), and shapes range from roughly oblate 

(a=b>c) to very nearly prolate (a>b=c). Phacoids with 

pronounced long axes, by far the most common examples, 

define a lineation generally parallel to that observed in 

the broken formation. Ratios of long to intermediate axes 

in the elongate examples can be up to 30:1; these extreme 

values must reflect stretching as well as rotation during 

the development of the lineation. Lower elongation ratios 

may also reflect stretching, or they may in large part be 

inherited from the original dimensions of the phacoids. 

Margins of the phacoids may be highly irregular, but, 
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Figure 13. Melange 

Structures include boudinage, pinch-and-swell, low
angle shear surfaces, and high-angle extension fractures. 
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because those that are exposed by weathering are coated 

with a rind of fine-grained r~t~t~j most show smooth 

surfaces. Terminations in the plane of foliation can be 

blunt, rounded, or tapered. Some are swirled, suggesting 

ductile rotation. 

Not all melange blocks are phacoidal in shape. 

Folded inclusions, defining the preserved hinges of root

less isoclinal folds, are nowhere common, but examples .ay 

be found in most outcrops (figure 14). In some cases 

these may be remnants of folds that predated the disruption 

of bedding, but there are simply too many examples to 

explain them all this way. Most folding probably took 

place as a result of rotation during mixing after the 

creation of the phacoid. Rarely, folded trains of phacoids 

or folded surfaces within the matrix demonstrate that some 

folding postdated slicing and mixing. 

Neither are all inclusions fully isolated in 

matrix. The melange preserves abundant examples of par

tially disrupted beds and "half-formed" phacoids that 

provide information on the processes that created the 

melange fabric. As can be seen by the common preservation 

of pinch-and-swell structures that grade into trails of 

discrete blocks, many of the phacoids probably formed by 

boudinage (figure 13, 14). Others formed by slicing along 

low-angle shears, producing lozenge shaped blocks like 

those described by Rast (1956) and Bosworth (1984). Most 
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Figure 14. Melange 

Note folded inclusion (above) and high-angle extension 
fractures (below). 
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probably had composite histories, in which blocks first 

were defined by pinching and swelling during ductile flow, 

then separated either by boudinage or slicing, and finally 

randomly distributed in the matrix by transport along 

anastomosing shear surfaces. 

Compositionally, nearly all the phacoids are 

fragments of medium- and coarse-grained sandstones indis

tinguishable from the turbidites of the less deformed 

sections. Basalt occurs primarily in bodies much larger 

than those considered here, although smaller phacoids can 

be observed in several locations in the melange. Chert 

phacoids are rare, and are restricted to the vicinity of 

the large chert bodies associated with some basalt. More 

exotic lithologies, such as the blueschist and ultramafic 

inclusions characteristic of parts of the Franciscan 

melange of California (Bailey and othe~s, 1964), have not 

been recognized here. 

The matrix, which accounts for well over half of 

the melange by volume, is now largely silt-sized quartz 

and fine-grained sericite and chlorite. As is the case 

for portions of the Franciscan melange of California 

(Cloos, 1982), the matrix is composed of the original silt 

and clay fraction of the sediments, and did not form by 

the comminution of larger particles. Brittle fractures 

that break individual grain boundaries are rare in thin 

section, and clearly postdate disruption. Fragments of 
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broken grains are not visible in the matrix, and both 

outcrop and thin section evidence strongly suggest that 

early deformation occurred by intergranular flow. Some 

individual sand grains may have dislodged fro. the com

petent blocks and become mixed with the finer-grained 

material, but such a process could not have greatly con

tributed to the volume of matrix without altering its 

composition. The explanation for the high matrix content 

preferred here is that presented in Chapter IV; those 

turbidite sections with low sand/shale ratios were most 

likely to undergo complete disruption. 

Shear surfaces are the only early structures 

preserved in the matrix. They are abundant, and create a 

penetrative, anastomosing network that divides the matrix 

into a series of smaller and smaller phacoidal domains 

(the phacoidal cleavage of Bosworth and Vollmer, 1981). 

Master shears that bound inclusions also define compar~ble 

matrix domains, and can often be traced the length of the 

outcrop. Displacements on most surfaces are unknown and 

in some cases may be enormous; only on the smaller shears 

that offset fragments of phacoids can they be estimated. 

Complex and random cross-cutting relations are present in 

every exposure, indicating that, as was the case for 

broken formation, this deformation did not occur in a 

consistent simple shear environment. 
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Support for the assertion that deformation in both 

melange and broken formation began in sediments that were 

neither fully lithified nor fully dewatered begins with 

the observation that ductile features are everywhere among 

the first structures formed. No evidence suggests that 

these structures formed by crystal-plastic flow under 

elevated conditions of temperature and pressure: they 

completely predate metamorphic recrystallization, and they 

lack characteristic mylonite fabric elements such as 

rotated mica grains and aligned aggregates of recrystal

lized quartz (Lister and Snoke, 1984). Rather, the already 

mentioned lack of fractured grains implies deformation by 

intergranular flow. The style of the mesoscopic structures 

confirms this. Rootless, chaotic isoclinal folds and 

irregular boudins with bulbous protuberances and uneven 

re-entrants are features commonly associated with soft

sediment deformation in wet, uncompacted sediment. 

Unlike deformation in simple slumps or olisto

stromes, however, deformation in the melange continued 

beyond the soft-sediment stage. Shear faults repeatedly 

sliced the unit as its competency increased, creating new 

phacoids and in places breaking those created by boudinage. 

High-angle, brittle fractures cut many of the phacoids 

after their formation, producing extension in all direc

tions in the plane of foliation (figures 13, 14). In 

places these fractures stop at the phacoid margins, 
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indicating that the matrix was continuing to deform along 

the low-angle shear surfaces. In other places they cut 

matrix as well, connecting through from one phacoid to the 

next, demonstrating that locally the matrix had frozen 

before extension had ceased. This progressive increase in 

competency can be explained best as a function of dewater

ing, probably as a result of the same stresses that pro

duced the deformation. Flow continued throughout dewater

ing until a critical level of co.petency was reached, at 

which point the :atrix locked up, flow ceased, and, if 

deformation continued at all, strains were accommodated by 

different, brittle, mechanisms. 

As was proposed for the broken formation, the 

strong lineation that overprints the melange may be related 

to younger folding and thrusting. With the exception of 

the large, overturned syncline defined by the largest 

basalt body in the northern Little Dragoon Mountains 

(figure 4), individual folds and faults cannot be mapped 

within the melange. This one fold may belong to a younger 

generation, since minor lineations associated with it 

share the regional trend, but this cannot be proven. 

Equally plausibly, folding of the basalt may have occurred 

early, during its incorporation into the melange, and its 

present orientation may be the result of later rotation. 

The only persistent marker horizon within the melange, the 

disrupted rhyolite sill in the Little Dragoon Mountains, 
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widespread folding of the melange. 

Relationship between the structural units 
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Areal distribution of the three structural units 

is shown in figure 3 and 4. Coherent section is limited 

to the Johnny Lyon Hills and the northern Little Dragoon 

Mountains, and it does not occur southeast of the first 

major exposures of melange. Melange occurs throughout the 

central and southern Little Dragoon Mountains and in a 

single, isolated exposure in a window in alluvium in the 

southeastern Johnny Lyon Hills. Broken formation occurs 

closely associated with melange, and the two cannot be 

separated conveniently at the 1:160,000 scale of figure 3. 

At the 1:11,100 scale of figure 4, however, exposures of 

broken formation appear as large blocks or lenses com

pletely or partially surrounded by melange. 

Contacts between the three structural units are 

believed to be everywhere tectonic. No depositional 

contacts between melange and undeformed turbidites were 

observed, as might be expected if melange formed as olisto

stromes in a normal sedimentary sequence. Neither does 

broken formation grade into coherent sections, except in 

the sense that the cores of the largest lenses are notice

ably less deformed than the margins. The major contact, 

that separating the coherent section from the more deformed 
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units to the southeast, is interpreted here to be a thrust 

fault (figure 11). The surface of this fault, which now 

dips steeply to the southeast in the plane of foliation, 

has been recognized tentatively in only one location, near 

where its trace disappears under Paleozoic cover to the 

northeast (figure 4). Striations of an unknown age on a 

fault surface there roughly parallel lineations throughout 

the Lower Proterozoic rocks. There is no outcrop evidence 

to suggest the relative sense of movement, and the inter

pretation shown, that the soutneast side has moved up, is 

dependent on the tectonic model developed in Chapter 8. 

To the southwest, the contact between structural 

domains, and therefore the trace of the inferred fault, 

parallels, but does not coincide with, the axial trace of 

the major anticline that folds the Paleozoic section 

(figure 4). It is possible that folding was localized by 

another Early Proterozoic fault, since, as is shown in 

Appendix 1, rotations that remove the effects of folding 

restore lineations and foliations on either side of the 

axial trace to near, but not complete, parallelism. 

Alternatively, folding may simply have followed the general 

pre-existing fabric, and discrepancies between the rotated 

attitudes may reflect changes in the form of the fold 

within the basement. In any case, folding is likely to 

have been accompanied by some reactivation of older sur

faces, and the above-mentioned striations may reflect 
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Phanerozoic movement. Given the displacement implied by 

the juxtaposition of the structural units, however, most 

movement on the fault must have occurred in the Precambrian. 



CHAPTER 6 

TIMING OF EARLY PROTEROZOIC EVENTS 

Although radiometric data that might provide 

absolute constraints on the tectonic chronology are limit

ed, field relations permit a relative ordering of the 

structural events. Table 3, a su.mary of the chronology, 

is constructed so as to place all events in their most 

probable chronological relations while simultaneously 

showing uncertainties as clearly as possible. Horizontal 

lines mark the major chronological boundaries, and separate 

events that must be of different ages, at least where they 

occurred in the same locations. Vertical lines separate 

events of uncertain relative timing, and are used to imply 

a range in which two events may overlap. Some such overlap 

is inevitable given the time-transgressive nature of 

processes of deposition and progressive deformation at 

convergent margins, and, since structural foreshortening 

may be extreme, uncertainties in timing conceivably may be 

even greater than those shown here. 

The oldest units present in the area may be either 

turbidites or basalts and associated cherts; the question 

cannot be resolved on the basis of field relations. 
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Table 3. Simplified Early Proterozoic chronology, 
Johnny Lyon Hills and Little Dragoon Mountains 

1625 t10 Ma Intrusion of Johnny Lyon Granodiorite 

LATEST EARLY PROTEROZOIC DEFORMATION AND 
REGIONAL GREENSCHIST FACIES METAMORPHISM 
shearing and faulting at margins of rhyodacite, folding and 
faulting of coherent section, development of lineation and 
foHatlon In aI U1Its 

1680-1700 Ma 
Intrusion of 
rhyodacite 
stock and sills PROGRESSIVE MELANGE 

DEFORMATION, disruption 
of broken formation, sOme 
movement In coherent section 

DEPOSITION OF OCEANIC BASALT 
AND VOLCANOGENIC CHERT 

Intrusion of 
rhyolite sill I 
Into melange 

Intrusion of younger 
basaltic dikes In 
southern Little 
Dragoon Mtns 

DEPOSITION OF 
TURBIDITES 

CD 
..... 
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Structural contacts between basalt and defor.ed turbidites 

prove only that the formation of both lithologies must 

have predated their juxtaposition. If, as seems likely, 

the basalt blocks are fragments of oceanic crust, then 

their for.ation probably considerably predated .oat turbi

dite deposition. On the other hand, scenarios can be 

imagined in which .aterial fro. younger sea.ounts was 

tectonically incorporated into slightly older sedi.entary 

units, and the age relationship between the basalt and the 

rest of the section .ust remain uncertain. 

All of the older basalts must have formed before 

the end of defor.ation of the melange and broken formation, 

since both map relations and mesoscopic structures indicate 

that they share in that deformation. The same observation 

may not hold for the deposition of the turbidites: there 

are large areas of relatively undeformed turbidites poten

tially unrelated to the melange. Since it seems certain 

that turbidite deposition must have continued somewhere in 

the region during melange deformation, the possibility 

must be left open that some younger turbidites are pre

served in the section. 

Intrusion of the rhyolite sill in the northern 

Little Dragoon Mountains predated the last deformation 

that affected the surrounding .elange, and clearly must 

have postdated deposition of the turbidites surrounding 

it. More precise statements about ~ts timing are not 
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definitive~ although theoretical tectonic arguments raised 

in Chapter 8 suggest that intrusion very likely occurred 

relatively late in melange deformation, rather than in 

undisturbed sediments lying on the sea floor. The linear 

persistence of the boudinaged fragments of the sill offers 

some support for this interpretation, since it appears to 

reflect a lower level of disruption than that shown by the 

rest of the melange, but mesoscopic and microscopic struc

tures that might confirm the observation prove inconclu

sive. 

The recognition of the rhyodacite stock and sills 

as syntectonic intrusions that postdated significant 

amounts of melange deformation represents a major change 

from the interpretation of Silver (1955, 1963, 1978) and 

Cooper and Silver (1964), who believed them to be essen

tially pretectonic. As they noted, some deformation has 

undoubtedly affected the intrusions. Their margins are 

sheared and perhaps folded, brittle microfaults are common 

in thin section, and they have undergone some metamorphic 

recrystallization. Combined with a lack of any localities 

where rhyodacite clearly cross-cuts already deformed 

sedimentary rocks, these observations led to their proposal 

of a single deformational event which increased dramati

cally in intensity southeastward. 

At least three lines of evidence suggest serious 

problems with this interpretation. First, the "most 
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intense" deformation in the region, the disruption of the 

melange, occurred by intergranular flow and predated 

metamorphism, whereas shearing at the margin of the rhyo

dacite took place in fully lithified rocks and, judging by 

the extensive recrystallization of quartz and the rotation 

of metamorphic mica crystals, coincided with some meta

morphism. Second, although it is true that the rhyodacite 

nowhere intrudes melange, bands of melange-like defor.ation 

are present within the coherent section near intrusive 

contacts. If the sediments were still as poorly lithified 

and wet as these bands imply at the time of the intrusion, 

the rhyodacite should show distinct chilled margins. It 

does not. Third, and most convincingly, there is a single, 

large xenolith of strongly foliated and fractured basalt 

within the rhyodacite stock in the northernmost Little 

Dragoon Mountains (figure 4). Presumably the early history 

of the xenolith parallels that proposed for every oth~r 

example of deformed basalt, and involves tectonic incorpo

ration into sediments during melange formation. This 

origin cannot be proved, but the fact remains that the 

rock shows considerably more deformation than the sur

rounding pluton, and no other plausible explanation is 

available. 

Differences in structural histories notwithstand

ing, the possibility remains open that both the intrusion 

of the rhyolite and some melange deformation are of the 



71 

same age as the rhyodacite. Simultaneous intrusions may 

have occurred in different portions of an active margin, 

and their present proximity may reflect major structural 

displacement. 

The final two points covered in Table 3 are less 

consequential to the overall tectonic interpretation. The 

younger basaltic dikes that intrude melange in a few 

locations in the southern Little Dragoon Mountains can be 

dated only very loosely. They postdated melange defor

mation, and predated some regional meta.orphism. They 

may, therefore, coincide with the rhyodacite intrusion. 

Alternatively, they may range anywhere from slightly older 

than that unit to very nearly as young as the Johnny Lyon 

Granodiorite. The granodiorite itself clearly postdated 

all significant early Proterozoic deformation in the 

sections exposed in these two mountain ranges. 



CHAPTER 7 

TECTONIC IMPLICATIONS OF MELANGE 

Melange has been objectively defined on the basis 

of textural criteria alone, and without any dependence on 

particular models for its formation. The benefits of this 

sort of operational definition are clear; it is possible 

for workers to agree on what constitutes melange without 

committing themselves to unproven genetic interpretations. 

It would be a mistake, however, to let this emphasis on a 

purely descriptive definition obscure the importance of 

the tectonic implications inherent in the recognition of 

melange. Despite arguments that melanges may form by a 

wide range of processes (e.g., Raymond, 1984), striking 

similarities in geologic setting, lithology, and internal 

structure suggest that many of the world's melanges, 

including the Lower Proterozoic example under consideration 

here, do share a common origin. Furthermore, an examina

tion of these key elements provides support for the tec

tonic interpretation first made in the early 1970's; that 

in the absence of compelling evidence to the contrary, 

melange should be interpreted as the product of intense 
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deformation within an ancient subduction zone (e.g., Dewey 

and Bird, 1970). 

No claim is made here that all rocks correctly 

described as melange can be encompassed by this discussion. 

For example, melanges with serpentinite matrices (e.g., 

Saleeby, 1979) are clearly unlike others, and may have 

completely different histories. Nor is it claimed that 

the the model for melange formation preferred here, that 

of Cloos and Shreve (Cloos, 1982, 1984; Shreve and Cloos, 

1986) in which deformation takes place in unlithified 

sediments during flow in a subduction channel, is the only 

way to produce melange. The purpose of this discussion is 

simply to demonstrate, through a review of the essential 

characteristics of melange and an evaluation of the various 

models proposed for melange formation, that most melanges, 

including this example, can be best accounted for as 

products of subduction. 

Distribution. composition. and structure of melanges 

The first, and perhaps most useful, assertion that 

can be made about melange is that it forms at or near 

convergent plate boundaries. Figure 15, a map locating 

melanges described in the literature without regard to the 

original authors'. genetic interpretations (modified from 

Raymond and Terranova, 1984), adequately demonstrates the 

point. Phanerozoic melanges have been described from 
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continent-ocean margins such as the North American Cordi

llera, from oceanic island arc settings such as the Lesser 

Antilles, and from continent-continent collisional zones 

including the Alpine-Himalayan and Appalachian-Caledonian 

systems. Areas with complex histories of convergence, 

such as the Indonesian archipelago, are particularly rich 

in examples of melange. Melanges are absent from other 

settings, including stable cratons, continental rifts, and 

undeformed passive margin sequences. 

This observation does not rule out the possibility 

that some melanges may have formed in other, unrelated, 

settings, such as, for example, at the base of continental 

slopes on passive margins (Jacobi, 1984), and that subse

quent oceanic closure resulted in their exposure in colli

sional orogens. It seems safe to assert, however, that 

most known melanges did not reach their present location 

by this path. Only one of the roughly 100 melanges plotted 

in figure 15 has had such a history proposed for it (the 

Casanova melange of northern Italy; Naylor, 1982), and the 

likelihood of a significant number ever being so inter

preted is remote. 

A second key observation is that, with very few 

volumetrically significant exceptions, protoliths for 

melanges are entirely marine. In particular, turbidites 

comprise the largest component of many of the world's 

melanges, including this example (e.g, Chapters 4 and 5 
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above; Moore and Karig, 1980; Page and Suppe, 1981; Cowan, 

1982, 1985; Nelson, 1982; Byrne, 1984). To some degree, 

this observation may reflect the structural properties of 

turbidite sections, since repetitious alternations of silt 

and sand beds may be uniquely suited to complete disruption 

by boudinage and slicing, but the dominant control must be 

one of availability. The other common components of 

melanges (basalts, ultramafic rocks, pelagic cherts, and 

exotic blocks of limestone), are all also marine lithol

ogies, but reflect an oceanic source unlike the terrigenous 

provenance of the turbidites. Shallow-water deposits 

other than limestone are extremely rare in melanges, and 

subaerial deposits are essentially never found. 

Geologic settings where these combinations of 

lithologies might plausibly be found are limited to the 

deep ocean floor or to smaller basins on the continental 

slopes. Given the requirement that melanges form at 

convergent plate boundaries, trenches are one likely site 

for the deposition of turbidite protoliths, but they are 

not the only possibility. Sediments deposited anywhere on 

the ocean floor, including along passive margins, ulti

mately may also be incorporated into collisional orogenic 

belts where they become candidates for melange deformation. 

Evidence from the internal structures that define 

melange must also be considered in an evaluation of tec

tonic models for melange formation. There is uncertainty 
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as to whether deformation involved some component of 

layer-parallel simple shear (J. C. Moore and Allwardt, 

1980; Bosworth, 1984; Byrne, 1984), or whether it occurred 

entirely by coaxial flattening (Cowan, 1982), but the net 

strain significance seems clear. Despite some evidence 

for local layer-parallel shortening, as noted in Chapter 5 

and as has also been observed in Franciacan melange in 

California (Hsu, 1974; Korsch, 1978), there is general 

agreement that the formation of the characteristic melange 

fabric reflects an overall extension of the section paral

lel to bedding. Structures that record this extension 

include pinch-and-swell structures, boudinage, low-angle 

extensional shear surfaces, and brittle extension fractures 

perpendicular to layering (Chapter 5 above; Hsu, 1974; 

Kleist, 1974; Cowan, 1978, 1982, 1985; G. F. Moore and 

Karig, 1980; Nelson, 1982; Bosworth, 1984; Byrne, 1984; 

Waldron, 1985). The formation of the scaly cleavage of the 

matrix itself, one of the diagnostic features of melange, 

similarly must have involved a shortening of the section 

perpendicular to bedding. 

The nature of the structures indicates that much 

of the extension took place ductilely, by intergranular 

flow in sediments that were only partially lithified and 

probably not as yet fully dewatered (Chapter 5 above; 

Cowan, 1982; Nelson, 1982; Bosworth, 1984). Brittle 

features are invariably present, however, and the 
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orientation of fractures that cut plastically deformed 

inclusions demonstrates that, in at least some cases, the 

principle extension directions remained roughly constant 

during lithification (Chapter 5 above; Cowan, 1982; Byrne, 

1984). 

Models for melange formation 

Models with the potential for widespread applica

bility, and which therefore warrant a thorough evaluation 

in the light of the features described above, fall into 

two broad categories: olistostromal models that call for 

deposition in trenches or slope basins, and tectonic 

models involving deformation in or near subduction zones. 

Olistostromal deposition in alternative sites, such as 

fore-arc basins and along transform scarps, cannot be 

ruled out, since slides may occur on any steepened slope, 

but trench and slope settings are preferred as general 

cases because they are certain to be present at all con

vergent margins. Likewise, subduction zones are preferred 

over other faulted settings because they are the largest 

fault systems known, they are active for long periods at 

all convergent margins, and they must invariably involve 

deformation of marine sediments of the type found in 

nearly all melanges. Similar processes may operate under 

the appropriate conditions in lesser fault systems, but if 

melange were regularly generated in such a way, a wider 



range of both distribution and composition would be ex

pected. 
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Proposals of a third class, hybrid models which 

call for the tectonic overprinting of olistostromes to 

create the characteristic melange fabric (Aalto, 1981, 

1982; Jacobi, 1984; Sarwar and DeJong, 1984), may well be 

correct locally, but do not meet the test of widespread 

applicability. If most or all melanges formed by this 

two-stage process, orogenic belts should be even richer in 

examples of "half-formed" melange, in the form of either 

unsheared olistostromes or pervasively sheared but strati

graphically coherent slope and trench sediments. They are 

not, and these models need not be considered further. 

Olistostromal models 

Olistostromal formation, as proposed by many 

workers (e.g., Wood, 1974; Kleist, 1974; Gucwa, 1975; Page 

and Suppe, 1981; Naylor, 1982; Cowan, 1982, 1985), may 

account for the global distribution of melanges, since it 

can be argued convincingly that massive submarine land

slides are most likely on the steep, tectonically active 

slopes that characterize convergent margins. Massive 

olistostromes in fact are found at modern convergent 

margins (D. G. Moore and others, 1976; Jacobi, 1984), 

although they are not as widespread as the occurrences of 

melange might imply. Neither does the limited evidence 
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available from seismic profiles indicate the monumental 

and uninterrupted stacking of olistostromes that would be 

needed to create the thickest melange sections (Jacobi, 

1984). 

Olistostromal models have considerably more diffi

culty accounting for some of the CO •• OD compositional and 

structural aspects of melanges. Underwood's (1984) obser

vation for a portion of the Franciscan, that the turbidites 

contained in the melange are unlikely to have been de

posited in the steep upper slope or shelf break settings 

where olistostromes must originate, applies equally well 

to many melanges. Olistostromal models require either the 

wholesale uplift of trench fill or the presence of vast 

slope basins to provide turbidite source beds for olisto

stromes. Neither scenario is in itself implausible: the 

problem lies in the lack of shallow-water sediments asso

ciated with the turbidites. If any significant number of 

the world's melanges formed as olistostromes dominant 

protoliths should be shelf and slope deposits, rather than 

basin floor sediments. 

structural evidence from the unfortunately small 

number of core samples available from modern slide deposits 

also casts doubt on the validity of the olistostromal 

model, since samples show neither the development of a 

scaly cleavage nor stratal disruption comparable to that 

in melanges (Jacobi, 1984). The absence of the 
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characteristic cleavage may be explained by proposals that 

it forms postdepositionally during dewatering (Jacobi, 

1984; Lash, 1985b). Nothing accounts adequately for the 

lack of extreme stratal disruption, however, and since the 

same generation of shear surfaces that define the cleavage 

also are responsible for the formation of at least some of 

the phacoids (Chapter 5 above; Bosworth, 1984), it seems 

likely that both disruption and cleavage development 

postdate deposition. 

Tectonic models 

Tectonic models that call for melange formation in 

subduction zones fall into two major groups: (a) those 

that rely on mixing and shearing in imbricate thrust fault 

systems (e.g., Hsu, 1973; Cowan, 1974; J. C. Moore and 

Wheeler, 1978; Hamilton, 1979; G. F. Moore and Karig, 

1980), and (b) the suggestion of Cloos and Shreve (Clo08, 

1982, 1984; Shreve and Cloos, 1986; Cloos and Shreve, 

1987), who proposed that mixing occurs in a zone of sedi

ment flow between the upper and lower plates. A third 

tectonic mechanism, mi~ing in mud diapirs (Pudsey and 

Williams, 1982; Westbrook and Smith, 1983; Williams and 

others, 1984; Barber and others, 1986), may be capable of 

generating melange from undeformed sediments, but more 

often probably involves the flow of material already 

fluidized by one of the above processes (Cloos, 1984; 
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Becker and Cloos, 1985). In any case, it is difficult to 

envision the largest melanges, such as those of Borneo 

that cover tens of thousands of km2 (Hamilton, 1979), 

forming entirely in diapirs. 

The appeal of the fault models lies in the certain

ty that suitable fault systems must have operated at some 

time during the history of all convergent margins. Imbri

cate faults have been recognized in ancient subduction 

complexes (G. F. Moore and Karig, 1980; Speed and Larue, 

1982), and corresponding landward-dipping reflectors are 

visible in seismic sections of active complexes (Karig and 

Sharman, 1975; Westbrook and Smith, 1983; McCarthy and 

~choll, 1985). 

Fault models do not, however, readily account for 

the observed mesoscopic fabric of melanges. Ductile 

structures such as boudinage are not those expected in 

brittle fault zones, and in many cases contradictory 

strain indicators are incompatible with the predicted 

simple shear kinematics. As Cowan (1982) observed for a 

portion of the Franciscan, bulk flattening of unlithified 

sediments by ductile intergranular flow seems far more 

likely to have occurred in a surficial slide than in a 

brittle fault zone. 

The flow model developed by Cloos and Shreve has 

the virtue of resolving this textural dilemma. Melange 

looks like the product of soft-sediment deformation because 



83 

it is, at least in part; the key point is that the flow of 

unlithified sediments occurs not in surficial environments 

but in a previously unrecognized zone of flow at depth, 

the subduction channel (Shreve and Cloos, 1986). High 

fluid pressures may alter deformation processes somewhat, 

but resulting structures should still closely resemble 

those formed in surficial environments (Dickinson and 

Seely, 1979). 

In the steady-state flow model first proposed 

trench fill and pelagic sediments enter a wedge-shaped 

area between the upper and lower plates at the mouth of 

the subduction zone (figure 16; Cloos, 1982). Drag from 

the downgoing lower plate carries them to considerable 

depths, and they return to the surface on the upper limb 

of a forced convection cell. Refinements in the model 

that allow for different channel geometries and changes in 

sediment supply (Shreve and Cloos, 1986) do not materially 

alter the key result, which is that deformation is an 

unavoidable consequence of the variations in velocity 

gradients across the cell. 

Melange created by this process may be incorporated 

into the upper plate and thereby preserved by several 

processes (Cloos and Shreve, 1987). It may be injected 

diapirically into the overlying accretionary prism, it may 

be extruded at the channel mouth and thrust over the 

prism, or it may be underplated directly onto the base of 
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the prism. Since melange must increase in viscosity 

sufficiently to halt flow before underplating may occur, 

this last case may explain the evidence mentioned above 

for the transition from ductile to brittle behavior. This 

increase in viscosity is almost certainly related to 

dewatering (Cloos, 1984; Cloos and Shreve, 1987), and may 

coincide with continued disruption and the development of 

the characteristic sheared matrix (Lash, 1985b). Abundant 

strain indicators that suggest bulk flattening, including 

the high-angle brittle fractures that can only have formed 

after lithification, imply that dewatering, and therefore 

underplating, may be most likely to occur as the result of 

the squeezing of the melange under a tectonic load, rather 

than during normal flow in an environment more closely 

approximating simple shear. Episodic decreases in the 

volume available for flow in the subduction channel may 

generate such loads; given the fluctuations in modern ~late 

movements and the resulting changes in subduction zone 

geometries rapid volume changes must be frequent occur

rences in subduction channels. 

The strength of this model is far greater than 

simply its ability to predict the ideal flow behavior of 

melange. Deviations from ideal behavior incorporated by 

the model readily account for the diversity of natural 

systems, and help explain such problems as the common 

presence of exotic blocks in melanges, the frequent inter-



layering of melange with coherent sequences and broken 

formation, and even the relative scarcity of melange in 

some convergent margins. Exotic blocks are readily ac

counted for as fragments that break off from both the 
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upper and lower walls of the channel and mix with sedi

ments. Broken formation may form when channel volume and 

sediment supply relations are such that sediments can 

enter the channel, detach from the downgoing plate, and 

underplate directly without ever undergoing extensive 

disruption by flow. Smaller blocks of sediment may survive 

flow intact, and be preserved as slabs of broken formation 

wholely contained within melange. Fluctuations in flow 

conditions may result in alternating episodes of melange 

formation, melange underplating, and the accretion of 

coherent sections. In cases where sediment supply is 

small and the channel permits subduction fully into the 

mantle, flow may never occur, or may persist only intermit

tently without preservation. 

It is the fact that this model accounts for all 

aspects of one particular melange, the Lower Proterozoic 

example under conside~ation here, that is of importance in 

the context of this research. Fundamental similarities 

between this and younger melanges permit the recognition 

of this as a subduction melange, and provide support for 

the assertion that at least some subduction processes have 

Dot greatly changed in the last 1.7 Ga. 



CHAPTER 8 

A MODEL FOR DEFORMATION WITHIN 
AN EARLY PROTEROZOIC ACCRETIONARY PRISM 

Multiple lines of evidence contribute to the 

tectonic interpretation outlined below and portrayed 

schematically in figures 17 and 18. Sedimentary, struc-

tural, and petrochemical features of the rocks themselves 

discussed in Chapters 3, 4, and 5 provide the fundamental 

data, but analogies drawn to younger, better understood, 

systems form the heart of the synthesis. Were it not for 

the successful development of models that have been repeat-

edly applied to similar packages of rock, including some at 

presently active plate margins, no plausible tectonic 

interpretation would be possible. Once such modern analogs 

are considered, however, the Lower Proterozoic sequence 

can be readily explained in terms of plate tectonic con-

cepts. 

The oldest turbidites preserved in the Johnny Lyon 

Hills and the Little Dragoon Mountains may predate subduc-

tion in the region. If so, and there is no particular 

reason to argue either for or against this interpretation, 

they may have been deposited in any number of purely 

conjectural tectonic settings. Beginning with the 
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initiation of subduction, however, turbidite deposition 

must have been controlled by the geometry of the evolving 

plate boundary. As is the case for younger convergent 

margins, deposition probably occurred in one or more of 

five primary locations: a back-arc or interarc basin 

inboard of the magmatic front; a forearc basin outboard of 

the arc but inboard of a structural high at the slope 

break; smaller basins perched on the trench slope; the 

trench itself; or offshore on the ocean floor (Dickinson, 

1974; G. F. Moore and Karig, 1976). 

Compositionally, the turbidites lack the high 

volcaniclastic component characteristic of back-arc and 

fore-arc sediments (figure 10; Dickinson and Suczek, 

1979). The general high level of compositional varia

bility, including the presence of relatively quartzose 

sandstones, may be compatible with deposition in any of 

the other three settings, and is diagnostic of none. 

Sandstone compositions reported from younger subduction 

complexes, trenches, and the ocean floor show extreme 

variability, as is to be expected from environments that 

must ultimately receive sediment from all of the world's 

source terranes (Dickinson and Valloni, 1980; Valloni and 

Maynard, 1981; Dickinson, 1982; Velbel, 1985; Lash, 1985a). 

Data are limited for trench slope basins, but since up

lifted oceanic and trench deposits are a major component 

of their source terrane on the upper slope, they too can 
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be expected to show variable compositions. In this case, 

however, the absence of extensive sections of uninterrupted 

shale such as those that blanket younger continental 

slopes (Underwood, 1984) suggests that most deposition 

occurred in a trench or on the open ocean floor. 

Quartzose and arkosic sandstones in the section 

may have been shed from uplifted continental blocks within 

the larger convergent system, as is the case for the 

compositionally varied turbidites of the Alpine and Apen

nine orogen (Hubert, 1967; Val10ni and Zuffa, 1984), or 

they may be derived laterally from relatively distant 

orogenic or cratonic areas anywhere on the rim of the 

basin. Relationships of this latter type have been demon

strated between quartzose sandstones exposed above the 

Sunda Trench and their source in the Himalayas (Graham and 

others, 1975; G. F. Moore, 1979) and between sandstones of 

the Barbados accretionary complex and their source in the 

Guyana Shield (Velbel, 1980; Kasper and Larue, 1986). 

Volcaniclastic sandstones present in the section may have 

come directly from an active volcanic are, bypassing a 

fore-arc basin, or they may reflect a heterogeneous source 

area containing a mature, dissected arc. 

The formation of melange and broken formation, the 

earliest deformation to affect the sediments, began simul

taneously with the initiation of subduction, and continued 

at least intermittently as long as subduction persisted in 
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the area (figure 17). Protoliths for melange included 

whatever pre-existing sedimentary cover was present on the 

oceanic plate, newly deposited trench fill, and possibly 

recycled melange returned to th~ trench mouth by forced 

convective flow (C100s, 1982). Blocks of basalt, struc

turally analogous to those found in many younger melanges 

(e.g., Raymond, 1984; Cowan, 1985) and chemically similar 

to Cenozoic enriched mid-ocean ridge basalts or seamounts 

(Copeland and Condie, 1986) were scraped off the downgoing 

oceanic plate and incorportated into the melange. 

Changes in conditions governing flow in the sub

duction channel may have resulted in the growth of the 

prism downward and outward by the underplating of melange, 

broken formation, or coherent strata (figure 17; Cloos and 

Shreve, 1987). Growth by the offscraping and landward 

thrusting of trench fill over the prism, as has been 

observed in younger systems (e.g., J. C. Moore and All

wardt, 1980) may also have occurred, but the generally 

consistent facing directions within the coherent section 

suggest that underplating was the major mechanism of 

accretion in the relatively small portion of a potentially 

much larger prism exposed here. Evidence for the diapiric 

injection of melange, another mechanism for prism growth 

(e.g., Becker and Cloos, 1985; Barber and others, 1986), 

was not observed. 
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Intense deformation was not limited to the sub

duction channel itself, but also occurred throughout the 

growing accretionary prism. Some diffuse flow may have 

continued within thicker, wetter and less compacted sec

tions of accreted melange. More competent sections re

sponded to convergent stresses by undergoing shortening 

along landward-dipping imbricate fault and fold systems, 

similar to those observed in modern convergent margins 

(e.g., McCarthy and Scholl, 1985). 

The scenario envisioned for the subsequent defor

mation of the sequence is analogous to that described for 

the accretionary prisms of Kodiak Island in Alaska (J. C. 

Moore and Wheeler, 1978; J. C. Moore and Allwardt, 1980), 

and Nias Island over the Sunda Trench (G. F. Moore and 

Karig, 1980). Early low-angle structures rotated towards 

vertical as the prism grew and the trench migrated seaward. 

Older, inboard parts of the prism eventually rotated past 

90 0 degrees, became overturned, and underwent landward 

directed thrusting and folding, simultaneously with the 

continuation of accretion and melange formation at the 

leading edge (figure 18). Surfaces originally subparallel 

to the subduction zone therefore may have histories that 

involve both early and late periods of movement with 

opposite senses of displacement. 

Ideally, any single portion of the prism should 

show a progression from early, ductile deformation during 
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accretion through later, brittle folding and thrusting. 

The actual history of the prism is unlikely to have been 

so simple. Faulting may have juxtaposed sections with 

identical lithologies but different ages and structural 

styles, and it is unrealistic to attempt a detailed recon

struction of the individual deformational events. 

Felsic intrusions within accretionary prisms, such 

as the rhyodacite and rhyolite examples here, pose a 

problem for convergent margin models, in that they pre

sumably formed far too close to the trench to be related 

to arc volcanism. Comparable examples in younger systems 

are uncommon, but have been reported from Japan (Kobayashi, 

1981), Chile (Forsythe and others, 1986), and Alaska 

(e.g., Hudson, 1979; Hill, 1981). Compositionally, these 

rocks are too felsic to have been derived directly from 

oceanic crust, and probably formed by melting within the 

base of the accretionary prism. For example, Hill (1981) 

concluded on the basis of 0, Sr, and Rb isotope data and 

rare earth and trace element distributions that magma 

generation for several Alaskan plutons required the melting 

of a predominantly sedimentary section containing lesser 

amounts of mid-ocean ridge basalt. Not coincidentally, 

those are precisely the lithologies contained within the 

accretionary prism those plutons intrude. Structurally, 

it is significant that intrusions may occur very soon 

after accretion, well before the close of deformation. 



95 

Granitic plutons on Kodiak Island intruded deformed Paleo

cene marine sediments no more' than 5 my after they were 

deposited (Hill, 1981). 

It has been proposed that anomalous melts in the 

fore-arc region may be the result of excess heat supplied 

to the over-riding plate during the subduction of a ridge 

or another trench at a triple junction (Marshak and Karig, 

1977). Convincing spatial and temporal evidence links 

fore-arc plutonism to ridge subduction along both the 

Chile Trench (Forsythe and others, 1986), and the Aleutian 

Trench (Marshak and Karig, 1977; J. C. Moore and others, 

1983), and it is possible that the Lower Proterozoic 

intrusions formed in a similar setting. Other models have 

been proposed, however, that involve melting as a result of 

either the sudden lowering of the solidus caused by the 

addition of H20 and C02 from the subducting plate 

(Kobayashi, 1983), or a general rise in isotherms caused 

by a cessation or marked slowdown in subduction (Hudson 

and others, 1979). Neither of these models can be ruled 

out, and in the absence of further evidence about regional 

plate configurations, it is premature to infer any par

ticular tectonic scenario. It is interesting, though, to 

note that the higher heat flows and steeper geotherms of 

the Early Proterozoic could have made spontaneous melts 

related to interruptions in subduction more likely. 
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No mention has been made yet of the trend or 

polarity of the subduction, although a northwestward dip 

(relative to the present, rather than the Early Proter

ozoic, pole position) has been assumed in the construction 

of figures 17 and lB. The trend of subduction may have 

been roughly parallel to the. preserved structural trends, 

as has been inferred for younger systems (e.g., G. F. 

Moore and Karig, 19BO). Equally plausibly, subduction may 

have occurred at any orientation and all structures may 

have been rotated wholesale into their present alignment 

during regional accretion and consolidation. The NE-SW 

trend widespread in Lower Proterozoic rocks from the 

Archean craton south (figure 2) probably does reflect an 

underlying regional control, most likely the orientation 

of the limit of rigid Archean crust, but it is not essen

tial to assume that subduction always paralleled that 

trend. 

Dip of the subduction zone, on the other hand, is 

constrained by the predominantly overturned attitude of 

bedding. The simplest and shortest path for bedding to 

have followed to reach its present average dip of 60 0 SE 

overturned, a rotation of 1200 about a horizontal axis, is 

compatible only with an initial northwestward component to 

subduction, assuming a regional rotation during accretion 

of less than 90 0 about a vertical axis. Deformation over 

a southeastward-dipping subduction zone would first result 
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in a dominantly southeast-facing stratigraphy, and would 

require an improbable 240 0 of rotation about a horizontal 

axis to place beds in their present position. 

No mention has been made either of the nature of 

the over-riding plate. It is unknown. As is the case for 

most accretionary prisms, internal evidence in the Johnny 

Lyon Hills and Little Dragoon Mountains is insufficient to 

distinguish between subduction under cont~nental or oceanic 

crust. Speculations based on regional considerations, 

discussed further in Chapter 9, are inconclusive, and the 

question is likely to remain unanswered. 

The total duration of subduction is also unknown, 

although it is worth noting that it may have been brief. 

Comparable thicknesses of younger prisms have been con

structed in less than 5 my (e.g., Hill, 1981), and there 

is no need to assume that the plate boundary in the Johnny 

Lyon Hills and the Little Dragoon Mountains was stable or 

long-lived. The close of deformation, sometime prior to 

the intrusion of the Johnny Lyon Granodiorite, probably 

postdates the local cessation of subduction, although the 

exact timing is uncertain. As is discussed in the fol

lowing chapter, the presence of rocks of a similar age to 

the southeast (e.g., Silver, 1978) indicates that con

vergence and accretion continued following a migration of 

the plate boundary. Deformation must also have continued 

well inboard of the new boundary, as it has at all younger 



convergent margins. Both regional metamorphism and the 

latest stages of shearing and faulting may therefore be 

unrelated to local subduction, and may instead reflect 

consolidation within the growing North American plate. 
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CHAPTER 9 

REGIONAL CONSIDBRATIONS IN THB LOWBR PROTBROZOIC 
OF SOUTHEASTERN ARIZONA 

Lower Proterozic exposures in southeastern Arizona 

are isolated and discontinuous, and the various lithologies 

present defy straightforward correlation (figure 19). No 

Early Proterozoic radiometric dates have been published 

from the area except those fro. the Johnny Lyon Hills 

(Silver, 1963, 1978; Silver and Deutsch, 1963), although 

Silver (1978) has proposed that volcanic rocks in the Dos 

Cabezas Mountains are of roughly the same age as the 

approximately 1690 Ma rhyodacite in the Johnny Lyon Hills. 

Some plutonic rocks in the Pinaleno and Santa Teresa 

Mountains .ay correlate loosely with the 1625 ± 10 Ma 

Johnny Lyon Granodiorite (Conway and Silver, 1987). 

Distribution of lithologies 

Aside fro. their occurrence in the Johnny Lyon 

Hills and Little Dragoon Mountains, turbidites are the 

dominant protolith in the Whetstone and Mule Mountains of 

the San Pedro valley, and in the Slate Mountains northwest 

of Tucson. They are the dominant component of two of the 

three Precambrian outcrop belts in the Dragoon Mountains, 
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and they are a minor component of the predominantly vol

canic section exposed in the Tortilla Mountains. They 

were apparently also the principal lithology in the Torto

lita, Santa Catalina and Rincon Mountains, although younger 

deformation in those ranges has obscured the original 

fabric in all but a few scattered outcrops. Lower Proter

ozoic turbidites are also exposed over large areas in the 

Pinal and Mineral Mountains up to 50 km north of the 

region covered by figure 19. 

Reconnaissance work throughout the turbidite 

sections indicates compositions and depositional features 

similar to those described for the Johnny Lyon Hills and 

Little Dragoon Mountains, although none of the sections 

are as complete or as well preserved. Geochemical and 

petrographic data from the Pinal Mountains (Condie and 

DeMalas, 1985) and the San Pedro Valley (Copeland and 

Condie, 1986) confirm this observation. Similar sediments 

were deposited over an area perhaps as large as several 

thousand ka2 • 

structurally, all of the turbidites show strong 

cleavage and evidence of isoclinal folding. Melange was 

not observed outside of the Johnny Lyon Hills and Little 

Dragoon Mountains, although the ductile extension struc

tures characteristic of broken formation are well developed 

in Jordan Canyon in the northern Dragoon Mountains. 
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Similar features are also present in Putnam Wash in the 

Tortilla Mountains. 

Other metasediments of southeastern Arizona are 

less well understood. Thick sections of relatively pure 

cross-bedded to massive quartzite and associated phyllites 

probably derived from shales are exposed in the southern 

Dos Cabezas Mountains (Erickson, 1968, 1969, 1981; Condie 

and others, 1985; Drewes, 1984, 1985), and in the Klondyke 

area in the Santa Teresa Mountains (Simons, 1964, Blacet 

and Miller, 1978). Thinner-bedded conglomerates and 

cross-bedded arkosic quartzites that grade upsection into 

phyllites occur in the eastern Dos Cabezas Mountains 

(Erickson, 1969; Condie and others, 1985). Volcaniclastic 

sediments are exposed in the western Dos Cabezas Mountains, 

and in smaller outcrops in the Chiricahua, Pinaleno, and 

Santa Teresa Mountains (Simons, 1964; Erickson, 1969; 

Bergquist, 1979; Copeland and Condie, 1986). 

Major exposures of volcanic rocks occur in two 

places: in a northern belt of outcrops in the Tortilla, 

Galiuro, and Santa Teresa Mountains (Krieger, 1968, 1974; 

Simons, 1964), and in a southern belt in the Dos Cabezas 

and Dragoon Mountains (Erickson, 1969; Condie and others, 

1985; Copeland and Condie, 1986). Relatively little is 

known about the northern belt. Krieger (1968, 1974) 

described but did not map andesites, volcanic breccias, 

flows, and tuffs. Reconnaissance work done in the course 
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of this study in the Tortilla and Galiuro Mountains reveals 

felsic tuffs, fragmental volcanics, a banded rhyolite 

flow(?), intrusive rocks of probable intermediate composi

tion, and an intrusive rhyolite. No geochemical or radio

metric data are currently available from the region. 

Detailed geochemical data are available for the 

southern volcanics (Condie and others, 1985; Copeland and 

Condie, 1986). Lithologies in the Dos Cabezas Mountains 

include basalts, rhyodacites, quartz latites, and rhyo

lites. Basalts, including well-preserved pillow basalts, 

dominate the volanic section in the central Dragoon Moun

tains. Rare earth and trace element analyses are compat

ible with an arc origin for all volcanics from the southern 

belt (e.g., figure 5a; Copeland and Condie, 1986). 

Very little is known about either protoliths or 

the tectonic history of the higher-grade Precambrian 

gneisses of southeastern Arizona. Some may be derived 

from metasediments, as has been proposed for portions of 

the Pinaleno gneiss (Swan, 1976; Thorman, 1981), and 

others are undoubtedly derived from plutonic rocks. In 

general the age of the protoliths is unknown, and, since 

much of the deformation may be Laramide or Tertiary, some 

gneisses mapped as Precambrian in fact may contain Phaner

ozoic components. Other gneisses may conceivably represent 

fragments of older, pre-existing continental crust exposed 

within the Lower Proterozoic orogenic system, as has been 



suggested for the Pinaleno gneiss (Conway and Silver, 

1987). 

Tectonic framework of southeastern Arizona 
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Given the composite nature of modern accretionary 

belts (e.g., Coney and others, 1980), interpretations 

dependent on correlations between the isolated exposures 

should be made with extreme caution. Turbidite deposition 

need not have occurred in a single large basin, nor need 

it have occurred synchronously throughout the area. 

Volcanic arcs need not be related to northward-directed 

subduction under North America, nor is there a need to 

assume that rocks are consistently younger to the south

east. Similar depositional basins may have formed repeat

edly along the margin, subduction may have dipped in 

different directions at different times, and older terranes 

may have been accreted against North America. Individual 

terranes may also have undergone unknown amounts of rota

tion, fragmentation and lateral transport during periods 

of oblique convergence or strike-slip motion along the 

plate boundary. The reconstruction presented here is 

therefore highly speculative, and cannot be definitive. 

As the evidence presented in this dissertation 

indicates, sometime prior to 1690 Ma northwestward-directed 

subduction of oceanic crust began in the Little Dragoon 

Mountains. The over-riding plate may have been North 

America, or it may have been a smaller plate later sutured 



to North America. 
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In either case the extent of turbidite 

deposition suggests that the nearest uplifted continental 

crust was at least several hundred km north, somewhere in 

central Arizona. Turbidites north of the trench in the 

Little Dragoon Mountains may have been deposited in a fore

arc or back-arc basin, or they may be trench and oceanic 

deposits related to an earlier, more northerly location 

for subduction. The lack of melange to the north argues 

for the former interpretation, whereas the compositional 

similarities between the sediments argue for the latter. 

Evidence is insufficient to establish either case firmly. 

The identification of a magmatic arc related to 

the Little Dragoon Mountain subduction is problematic. 

The essentially undescribed volcanic rocks of the northern 

belt (figure 19) are one logical candidate, particularly 

if their present position only 80 to 100 km from the 

trench is the result of considerable younger shorteninOg of 

the section. Alternatively, subduction may have been 

relatively flat, the accretionary prism enormous, and the 

main magmatic centers may have been several hundreds of km 

inboard, in central Arizona. In this case, the nearby 

volcanics may be the result of a change in subduction 

geometry, or they may be younger and related to an entirely 

different and unidentified subduction zone farther south. 

Unless blocks of crust have rotated more than 90 0 

during accretion, it is unlikely that the southern belt of 
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volcanics are related to subduction in the Little Dragoon 

Mountains. They may be exotic fragments of an evolved 

island arc formed on oceanic crust unrelated to North 

America, or they may be related to a younger subduction 

zone along the main plate boundary. In the first case the 

orientation of subduction is completely unconstrained. In 

the second case, it probably more or less followed the NE

sw trend of accretion, but dip direction is still uncon

strained, interpretations of a northward dip by Copeland 

(1985) and P. Anderson (1986a, 1986b) notwithstanding. 

Turbidites exposed in the southern Dragoon and Mule 

Mountains lie south of both the Little Dragoon Mountains 

subduction zone and the southern volcanic belt. They may, 

therefore, be unrelated to the northern turbidites, and 

could have been deposited along a new margin south of the 

volcanics. Map relations suggest, however, that the 

southern volcanic belt may pinch out along strike to the 

southwest, and that the turbidites may in fact form a more 

or less continuous section. If this is the case, then the 

southern volcanic belt probably is an exotic block incor

porated into an accretionary sequence that otherwise was 

growing southward by the steady accretion of trench fill 

and oceanic sediments. 

The other Lower Proterozoic lithologies in the 

region are probably unrelated to the convergent framework 

of the period around 1690 Ma. The major plutons are 
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plainly younger, and if they are related to subduction, it 

must have occurred further south, after consolidation was 

complete in southeastern Arizona. The gneisses remain 

enigmatic, but, until new research demonstrates otherwise, 

the most cautious approach is to identify them as the 

products of younger deformation, rather than as fragments 

of older crust. The thick, relatively pure quartzites and 

associated phyllites of the Dos Cabezas and Santa Teresa 

Mountains are unlike the rest of the southeastern Arizona 

section, and are difficult to place in an accretionary 

prism and volcanic arc model. They are, however, very 

like similar rocks to the north: the post-1700 Ma Mazatzal 

Group of central Arizona (e.g., Wilson, 1939; Conway and 

Silver, 1987), and the undated but probably correlative 

Hess Canyon Group of the Salt River Canyon area (Living

ston, 1969). Deposition of these rocks largely postdated 

volcanic activity, and occurred in a stable, generally 

south-facing, shoreline and shallow marine shelf environ

ment (Trevena, 1979; Conway and Silver, 1987). Exposures 

in the Dos Cabezas Mountains may be the southernmost 

manifestation of this late tectonic stage, which must 

postdate consolidation of the region. Folding and 

thrusting in the Mazatzal Mountains, dated somewhere 

between 1690 and 1650 Ma (Karlstrom and others, 1987), may 

be related to continued plate convergence farther south, 
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and may coincide with the last stages of deformation seen 

in the Johnny Lyon Hills and Little Dragoon Mountains. 



CHAPTER 10 

CONCLUSIONS 

Metasedimentary rocks exposed in the Johnny Lyon 

Hills and Little Dragoon Mountains are turbidites deposited 

sometime before approximately 1690 Ma. The depositional 

environment was characterized by relatively few large and 

stable channel systems and extensive smaller channels and 

interchannel deposits. Compositionally, the turbidites 

are varied, and are probably derived from either multiple 

sources or from a mature and dissected convergent margin. 

Direct derivation from an active volcanic arc, as might be 

expected in a back-arc or fore-arc basins, is unlikely, 

but compositions are compatible with deposition either in 

a trench or on the open ocean floor. 

Earliest deformation in the area took place in and 

over a northwestward-dipping subduction zone (oriented 

relative to the modern North American pole position, not 

the Early Proterozoic pole). Variable disruption of 

unlithified sediments produced both melange and broken 

formation, which, along with blocks of basalt scraped off 

the oceanic plate and intact sections of relatively unde

formed sediments, were underplated onto the base of an 
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accretionary prism. As the prism grew and the trench 

migrated southward, structures within the older, more 

landward portions rotated toward, and eventually through, 

vertical, and the style of deformation became progressively 

more brittle. The approximately 1690 Ma (Silver, 1963; 

Silver, 1978) felsic intrusions into the prism occurred 

during this phase, and were probably derived from anomalous 

near-trench melting within the lower portion of the prism, 

as has been observed in several modern systems (e.g., 

Marshak and Karig, 1977). 

Final deformation of the sequence, prior to the 

intrusion of the 1625 ± 10 Ma Johnny Lyon Granodiorite 

(Silver and Deutsch, 1963; Silver, 1978), coincided with 

greenschist facies metamorphism, and involved northwest

southeast directed shearing of the margins of the rhyo

dacite and the rotation of linear features throughout the 

section. 

This subduction zone is the first such example 

recognized anywhere in the Early Proterozoic accretionary 

belt more than 1000 km wide in southwestern North America. 

Its precise significance with regards to other rocks of 

the region is uncertain, since firm correlations with 

other tectonic elements of a convergent margin, notably a 

magmatic arc, cannot be made. All indications are that 

accretion cn the continental scale was every bit as compli

cated in the Early Proterozoic as in the Phanerozoic, and 
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there is no particular reason to assume that this sub

duction zone was the major boundary of North America, or 

that it was long-lived. Modern analogs suggest that 

subduction must have occurred repeatedly in multiple 

locations throughout what is now southwestern North Amer

ica, and that accretion may have occurred by the consoli

dation of many smaller plates. The present NE-SW orien

tation of the subduction zone may record the original 

plate geometries, or it may reflect later rotations during 

accretion and consolidation. 



APPENDIX 1 

STRUCTURAL DATA 

Figures 20 through 24 are equal area lower hemi

sphere projections of structural data from the portion of 

northern Little Dragoon Mountains included in figure 4. 

Figures 20 and 21 show poles to post-Lower Proterozoic 

bedding. Figures 22 and 23 show Lower Proterozoic poles 

to foliation and lineations respectively. Figure 24 shows 

rotations of the visual means of foliations and lineations 

that remove the affects of Phanerozoic folding by taking 

out the plunge of the younger anticline and restoring its 

limbs to horizontal. 

112 



113 

N 

~. + • 

• 

Figure 20. Poles to post-Lower Proterozoic bedding, 
northern Little Dragoon Mountains: anticline 

Large circles mark visual means for each limb. 
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Figure 21. Poles to post-Lower Proterozoic bedding, 
northern Little Dragoon Mountains: syncline 
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Figure 22. Poles to Lower Proterozoic foliation, 
northern Little Dragoon Mountains 
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Closed circles are NW of axial trace of anticline. 
Open circles are SW of axial trace. 
Larger circles mark visual means. 
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Figure 23. Lower Proterozoic lineations, northern 
Little Dragoon Mountains 

Closed circles are NW of axial trace of anticline. 
Open circles are SE of axial trace. 
Larger circles mark visual means. 
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Figure 24. Rotations of foliations and lineations 

F indicates foliation, L indicates lineation. 
Closed circles are NW of axial trace of anticline. 
Open circles are SE of axial trace. 
All points are visual means. 



APPENDIX 2 

POINT COUNT DATA 

All counts were done on samples of medium- and 

~oarse-grained Lower Proterozoic metasandstones collected 

in the Johnny Lyon Hills and Little Dragoon Mountains. 

Counting procedures are described in Chapter 4. 

Abbreviations are as follows: Qm, monocrystalline 

quartz; Qp, polycrystalline quartz, grain size greater 

than approximately 0.05 mm; L, lithic fragments, including 

microcrystalline quartz; F, all feldspars; Mtx, matrix. 

Other includes opaques and secondary minerals. 

Sample prefixes refer to locations as follows: 

JLH, JL, MI, M2, M3, and M4 samples were collected in the 

Johnny Lyon Hills; SC, M5, M6, 7D, and LD samples were 

collected in the northern Little Dragoon Mountains. 
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Table 4. Point count data 

SAMPLB N • , raMaVOlUt • ,. • Qa Qp L .. • "x other 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
JLH-3 830 51.7 31.2 11.1 2.3 13.7 2.0 
JL-5 534 52.5 6.0 33.4 8.1 11.8 0.9 

JL-13 500 24.7 21.2 49.9 4.2 15.6 3.4 
JL-20 411 51.6 32.5 8.1 1.2 16.1 3.6 
JL-27 589 43.3 1.3 47.0 8.4 19.4 1.9 

SC-9 511 46.8 25.4 11.6 16.3 11.0 2.3 
SC-20 544 52.1 10.6 18.3 19.0 17.6 2.9 
SC-25 607 46.0 14.1 16.1 23.2 17.3 1.8 
SC-26 516 46.8 30.2 6.0 17.1 13.4 2.5 
SC-29 542 54.6 0.5 3.5 41.5 18.8 1.1 
SC-35 533 45.0 5.8 5.8 43.5 15.9 6.0 
"1-1 475 61.2 29.0 5.0 4.8 11.4 0.2 
"1-2 475 55.5 23.9 14.1 6.5 14.9 1.3 
"1-3 503 65.3 10.1 19.1 5.4 19.5 0.2 
"1-4 471 43.4 29.5 6.3 18.2 13.8 2.1 
"1-5 553 74.7 9.4 6.S 9.4 13.2 0.2 
"1-6 516 68.5 19.3 5.L 6.9 12.2 0.6 
"2-1 464 33.9 25.1 16.8 23.5 12.1 0.9 
"2-2 474 26.2 28.5 28.5 16.9 13.3 2.7 
"3-1 414 37.1 25.8 23.3 '13.2 12.7 2.3 
"3-3 479 26.9 17.0 37.3 18.8 18.8 1.3 
"3-4 511 31.3 22.2 25.9 20.6 14.3 i.2 
"3-5 497 32.7 8.3 32.7 26.3 14.1 1.0 
"4-1 500 39.0 13.2 31.6 16.3 15.6 0.8 
"4-2 502 26.2 7.9 41.8 24.0 18.1 1.4 
"4-3 488 33.3 7.2 32.6 26.9 15.4 2.3 
"5-1 476 30.0 22.8 26.2 21.0 13.4 1.7 
"5-2 470 34.8 23.4 16.2 25.6 12.8 1.7 
"6-1 489 37.0 14.3 31.9 16.9 14.9 0.4 
7D-4 478 45.5 3.9 11.6 39.0 13.4 0.2 
LD-5 535 52.0 5.0 4.5 38.4 19.6 2.1 
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