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ABSTRACT

Three periods of penetrative deformation have 
affected the Gaddes Basalt in the Oak Wash drainage of the 
Verde mining district. In order of occurrence they are: D1, 
D2, and D3. During D1 and D2, high strains accompanied the 
formation of tight to isoclinal, FI and F2 folds. The 
superposition of FI and F2 folds resulted in a Ramsay class 
2 interference geometry. During D3, low strains accompanied 
the formation of millimeter-to-centimeter scale crenulations 
in the earlier S2 fabrics. D4, a nonpenetrative event, 
produced isolated kink bands of negligible strain.

The deformational fabrics of the study area are 
similar to those found in other portions the Verde mining 
district; however, they differ from those described in 
other, nearby Proterozoic terranes. The deformational 
history of the study area would be destructive to a small, 
syngenetic massive sulfide deposit.
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CHAPTER 1 

INTRODUCTION

Early Proterozoic orogenic rocks exposed in the 
southwestern United States have recently become the subject 
of increased geological concern (Grambling and Tewksbury, 
1989). Of particular interest is the style and nature of 
Proterozoic orogenic deformation and how this deformation 
relates to continental growth (Grambling et al, 1988; 
Williams, 1987; Karlstrom and Bowring, 1988; Gibson and 
Simpson, 1988). Given these concerns, the purpose of this 
study is to examine the structural fabrics of the Gaddes 
Basalt as it is exposed in the Oak Wash drainage of the 
Verde mining district. The Gaddes Basalt forms the base of 
the Ash Creek Group and crops out on the flanks of Mingus 
Mountain in the Transition zone of central Arizona (figs, 
la, b) (Anderson and Creasey, 1958). This report provides a 
definitive petrographic description, and geochemical 
analysis of that portion of the Gaddes Basalt covered by 
this study. Because the Verde mining district exploits 
volcanogenic massive sulfide deposits, this study also 
examines the effect of the local deformational history on a 
potential massive sulfide orebody.
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Wyoming Craton

Sr .706 line

Colorado Province

(1800-1700 Ma)

6 Southwestern Province 

Q Jj (1700-1630 Ma)

----

Figure la.) (After Condie, 1982; Gibson, 1987;
Karlstrom, 1989) Distribution of Archean and Early to Middle
Proterozoic rocks in Southwestern North America. CB = 
Cheyenne Belt; FR = Front Range; NM = Needle Mountains; BM = 
Bradshaw Mountains; MM = Matzatzal Mountains; SG = 
Salida/Gunnison belt; WM = Wet Mountains; NNM Northern New 
Mexico.
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34° 45'
- \ ------JeromeMingus anticline

VERDE FAULT

study area

Tex syncline

SHYLOCK FAULT

34° 30'
MINGUS MOUNTAIN QUADRANGLE

112° 15'

Figure lb.) Geologic Map of the Ash Creek Group / 
Verde Mining district of Central Arizona (Anderson and 
Creasey, 1958). gb = Gaddes Basalt; br = Buzzard Rhyolite; 
sb = Shea Basalt; d = Dacite of Burnt Canyon; a = Brindle 
Pup Andesite; dr = Deception Rhyolite; gd = Quartz diorite; 
UPC = undifferentiated Precambrian rocks; P = 
undifferentiated Paleozoic rocks.
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Based on data gathered in this study, three periods 
of penetrative deformation are recognized: D1, D2, and D3. 
During D1 and D2, high strains accompanied the formation of 
tight to isoclinal FI and F2 folds. The FI and F2 folds are 
superimposed with a Ramsay class 2 (Ramsay, 1967) 
interference geometry. During D3, low strains accompanied 
the formation of minor folds and crenulations in the 
earlier, S2 fabrics. D4, a nonpenetrative event, resulted 
in isolated kink bands of negligible strain. The 
deformational fabrics of the study area are similar to those 
documented elsewhere in the Verde mining district, however, 
they differ from those documented in other, nearby 
Proterozoic terranes.

The deformational history of the study area would be 
destructive to a small syngenetic sulfide ore deposit. 
During Dl, sulfide ores would be concentrated in the hinge 
zones and axial planes of FI folds. During D2 these ores 
would be sheared out along FI axial planes or attenuated as 
the FI folds flexed and tightened in response to D2 
shortening.
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CHAPTER 2 

PREVIOUS WORK

The first comprehensive study of the Verde mining 
district was that of Anderson and Creasey (1958). In 
addition to an extensive treatment of the ores they provided 
the first regional synthesis of the district. Anderson and 
Creasey (1958) believed the ores were epigenetic replacement 
deposits, related to the intrusive, Cleopatra guartz 
porphyry. Since then, the deposits have been interpreted as 
volcanogenic massive sulfide deposits (Anderson and Nash, 
1972).

Recent contributions to the geology of the Verde 
mining district include: Lindberg and Jacobson (1974), 
Lindberg (1986a,b,c), Lindberg and Gustin (1987), Vance and 
Condie (1987), Anderson (1986a), Gustin (1988), Johnson 
(1989), and Lindholm (1989).

Lindberg suggested that the "egg-carton" fold- 
interference pattern observed in the district is the result 
of a single period of progressive strain (Lindberg 1986a). 
During late stage passive amplification and hingeline 
rotation, originally subhorizontal, near-cylindrical folds 
are transformed into noncylndrical folds with steep,
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curvilinear hingelines. Lindberg also proposed that 
hydrothermal ore deposition was genetically related to the 
evacuation and collapse of a hidden magma chamber (Lindberg, 
1986a; Lindholm, 1989).

Vance and Condie (1987), Gustin (1988), and Lindholm 
(1989) performed geochemical studies documenting the 
footwall alteration associated with the United Verde and 
Verde Central ore horizons. Gustin (1988) mapped the 
lateral extension of the United Verde ore horizon. Johnson 
(1989) studied the lateral geochemistry of exhalitive cherts 
associated with the Copper Chief and Cliff ore bodies. 
Lindholm (1989) studied the structural geology of the Jerome 
area and evaluated the caldera hypothesis. As part of a 
state-wide Proterozoic synthesis, Phillip Anderson (1986a) 
mapped the Verde mining district and proposed stratigraphic 
revisions to the Ash Creek Group. In contrast to Anderson 
and Creasey (1958), Anderson believes that large portions of 
the Gaddes Basalt and Buzzard Rhyolite are the youngest 
Proterozoic rocks in the district. Anderson also proposed 
definitions for three new stratigraphic subdivisions: the 
Belmonte formation, the Shea formation and the Cleopatra 
formation (Anderson, 1986a).
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CHAPTER 3 

RFGTONAT, SETTING

The Gaddes Basalt forms the base of the Ash Creek 
Group and is part of a large, northeast-striking, early 
Proterozoic orogenic belt that extends from northern Mexico 
into southern Wyoming (figs, la, b). Recent work in Arizona 
(Karlstrom and Bowring, 1988) and New Mexico (Grambling et 
al., 1988) suggests the orogen is an accretionary assemblage 
of blocks, terranes, and composite terranes.

The Ash Creek Group is composed of Proterozoic 
volcanic rocks exposed between the Shylock fault in the 
west, and the Verde fault in the east (fig. lb). The quartz 
diorite of the Cherry batholith bounds the Ash Creek Group 
to the south. To the north, the Ash Creek Group is covered 
by flat-lying Paleozoic sedimentary rocks and Cenozoic 
volcanic rocks. The Ash Creek Group is part of the Ash 
Creek Block, one of eight Proterozoic accretionary terrane 
elements in central Arizona (Karlstrom and Bowring, 
1988)(fig. 2).
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115* | |4* 113* M2* III* 110*

N E V A D A \

tOENix

CALIF.

0 ’ •, ̂
TUCSON

Figure 2.) Proterozoic terrene elements in central 
Arizona (after Karlstrom and Bowring, 1988). MO - Mohave 
block; HB - Hualapai/Bagdad block; G - Green Gulch block; B
- Big Bug block; A - Ash Creek Block; M - Mazatzal block; S
- Sunflower block; P - Pinal block.
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Anderson and Creasey (1958) originally recognized 
seven Formations within the Ash Creek Group. In ascending 
order, they are: the Gaddes Basalt, the Buzzard Rhyolite, 
the Shea Basalt, the Brindle Pup Andesite, the Dacite of 
Burnt Canyon, the Deception Rhyolite, and the Grapevine 
Gulch Formation. The Brindle Pup Andesite and the Dacite of 
Burnt Canyon correlate stratigraphically with the Shea 
Basalt. Anderson and Creasey's (1958) modified 
stratigraphic column is summarized in figure 3 along with 
Anderson's (1986a) proposed revisions.

The Ash Creek Group is characterized by greenschist 
facies mineral assemblages (Gustin, 1988), and penetrative 
deformational fabrics (Lindberg, 1986a). Primary volcanic 
features include: pillow lavas, pyroclastic fragments, 
hyaloclastites, graded bedding, flow banding, 
devitrification textures, and polygonal cooling joints. The 
pillow lavas, hyaloclastites, ferruginous cherts, and 
turbidites all indicate a submarine eruptive setting.

Pre-ore rhyodacites from Jerome and the Copper Chief 
mine yield a U/Pb zircon age of 1755 Ma (Bowring, personal 
communication, 1989). The quartz diorite and crosscutting 
granodiorite dikes yield a U/Pb zircon age of 1735 Ha
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bullseye rhyolite 
Upper Cleopatra Member 
Lower Cleopatra Member

Grapevine Gulch Formation

Deception Rhyolite

Shea Basalt

Buzzard Rhyolite

Gaddes Basalt

Figure 3a.) The Ash Creek Group (after Anderson and
Creasey, 1958; and Gustin 1988).
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(Bowring, personal communication, 1989). Anderson, et al. 
(1971) previously dated these rocks at 1795 Ma and 1740 Ma 
respectively using early U/Pb zircon techniques.

The Cherry Batholith has been variously interpreted 
as a pre-deformational and post-deformational intrusion. 
(Anderson, 1986a? Karlstrom and Bowring, 1988). 
Granodiorite dikes, isotopically identical to the quartz 
diorite (Bowring, personal communication, 1989), crosscut 
the quartz diorite and the deformational fabrics of the 
Grapevine Gulch Formation.

In the Jerome area, the Ash Creek Group is covered by 
flat-lying Paleozoic sedimentary rocks. The Paleozoic 
section locally includes: the Cambrian Tapeats Sandstone, 
the Devonian Martin Limestone, the Mississippian Redwall 
Limestone, and the Pennslyvanian-Permian Supai Formation 
(Anderson and Creasey, 1958). The Paleozoic rocks have been 
elevated and erosionally attenuated near Jerome. Uplift and 
erosion that commenced in the late Triassic (Anderson and 
Creasey, 1958), continued through the Laramide (Lindberg, 
1986a) and into the present.

Associated with Laramide compression, an initial 
period of high angle reverse movement occurred on the Verde 
fault (Lindberg, 1986a). On the basis of K/Ar dating, McKee 
and Anderson (1971) determined that the flat-lying, basaltic
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rocks of the Hickey Formation were erupted over a period of 
time from 14.6 to 10.1 Ma. Subsequent to 10.1 Ha, normal 
movement on the Verde fault created the Verde graben 
(Lindberg, 1986a). After graben formation, the Pliocene 
lake beds of the Verde Formation were deposited in the Verde 
Valley (Anderson and Creasey, 1958).
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CHAPTER 4

LOCAL PRECAMBRIAN GEOLOGY

This chapter summarizes the previously published 
material regarding the Proterozoic geology of the Verde 
mining district. The stratigraphy of the Ash Creek Group, 
as discussed by Anderson and Creasey (1958), and Anderson 
(1986a) is presented first, followed by a discussion of the 
previous structural interpretations.

THE ASH CREEK GROUP (ANDERSON AND CREASEY, 1958)

THE GADDES BASALT - As defined by Anderson and 
Creasey (1958), the Gaddes Basalt forms the base of the Ash 
Creek Group. Outcrops of the Gaddes Basalt are found in: 
Gaddes Canyon, the Oak Wash drainage, and a small area 
located in between the two (fig. lb). Rocks of the Oak Wash 
drainage are the subject of this study, and are more fully 
described in Chapter 4.

The Gaddes Basalt comprises a succession of pillow 
lavas, agglomerates and ferruginous cherts. Rare rhyolitic 
lava flows and clastic sedimentary rocks are intercalated 
with the basaltic extrusive rocks. The volcanic and 
sedimentary rocks are crosscut by a series of hypabyssal 
felsic dikes.
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THE BUZZARD RHYOLITE - The Buzzard Rhyolite crops out 
on the southeast flank of Mingus Mountain adjacent to the 
Gaddes Basalt. On the basis of field relationships and 
facing indicators, Anderson and Creasey (1958) determined 
that the Buzzard Rhyolite is stratigraphically positioned in 
between the older Gaddes Basalt and the younger Shea Basalt. 
Anderson and Creasey (1958) mapped the northern exposure of 
the Buzzard Rhyolite in fault contact with the Gaddes Basalt 
along the "Oak fault". The Buzzard Rhyolite is comprised of 
porphyritic and amygdaloidal flows, breccias and occasional 
tuffaceous, sandy interbeds (Anderson and Creasey, 1958).

During this study, a series of ferruginous cherts was 
mapped across the "Oak fault". No faulted separation of the 
cherts was observed.

THE SHEA BASALT - Outcrops of the Shea Basalt are 
found adjacent to the Buzzard Rhyolite. On the basis of 
field relationships, Anderson and Creasey (1958) concluded 
that the Shea Basalt is stratigraphically positioned below 
the younger Deception Rhyolite and above the older Buzzard 
Rhyolite. Anderson and Creasey (1958) correlated the Shea 
Basalt with the Brindle Pup Andesite and the Dacite of Burnt 
Canyon. The Shea Basalt is composed of massive, diabasic 
flows, amygdaloidal flows, pillow lavas, cherty tuffaceous



strata and pyroclastic fragments (Anderson and Creasey, 
1958).

THE BRINDLE PUP ANDESITE - The Brindle Pup Andesite 
crops out on the south end of Mingus Mountain between the 
Buzzard Rhyolite and the Deception Rhyolite. The Brindle 
Pup Andesite contains porphyritic, amygdaloidal flows, 
basalts and rhyolites (Anderson and Creasey, 1958).

THE DACITE OF BURNT CANYON - The Dacite of Burnt 
Canyon is exposed between the Deception Rhyolite and the 
Buzzard Rhyolite, to the north of the Brindle Pup Andesite. 
The Dacite of Burnt Canyon contains porphyritic, and locally 
amygdaloidal flows intercalated with basalts (Anderson and 
Creasey, 1958).

THE DECEPTION RHYOLITE - The Deception Rhyolite 
outcrops on the north and south ends of Mingus Mountain. In 
both locations, the Deception Rhyolite is overlain by the 
Grapevine Gulch Formation. The Deception Rhyolite is 
composed of intercalated and laterally discontinuous lava 
flows, crystal lithic tuffs and agglomerates (Gustin, 1988; 
Anderson, P., 1986a). A basal unit of well bedded, 
volcaniclastics contains fragments of the underlying Shea 
Basalt (Gustin, 1988). The middle portion of the Deception 
Rhyolite is characterized by interbedded lava flows(?), 
volcaniclastics and vitroclastic rocks (Gustin, 1988). The
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Cleopatra Member of the Deception Rhyolite contains the fine 
grained sediments, ferruginous cherts, and exhalitive ores 
of the United Verde mine (Gustin, 1988). The syngenetic 
ores of the Verde Central mine are located immediately below 
the Cleopatra Member. Weathering of the chloritically 
altered rocks beneath the the United Verde and Verde Central 
ore bodies has produced the red patina characteristic of the 
Jerome area.

THE CLEOPATRA MEMBER - In their 1972 reinterpretation 
of the United Verde deposit, Anderson and Nash (1972) 
recognized that the Cleopatra "quartz porphyry" was a series 
of felsic volcaniclastics and flows. They assigned the 
"Cleopatra rocks" to member status within the Deception 
Rhyolite. Outcrops of tjie Cleopatra are found in Hull 
Canyon and Mescal Gulch. Though irregular masses of 
"quartz-porphyry" have been mapped throughout the district, 
the Cleopatra Member has only been identified in the Jerome 
area.

The upper and lower portions of the Cleopatra Member 
are distinguished on the basis of volcanic lithology and 
alteration assemblages (Gustin, 1988). The contact between 
the two units is interpreted as the lateral extension of the 
United Verde ore horizon (Gustin, 1988).
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In Hull canyon, a thin (clOOm) sequence of dacitic 
flows and/or hypabyssal intrusives known as the "Bullseye 
rhyolite" overlies the Cleopatra Member (Gustin, 1988). 
These dacitic volcanics have been interpreted as a small 
lava dome (Lindberg, 1986a). The sequence is characterized 
by a basal layer of volcaniclastics overlain by dacitic 
flows and/or intrusives. The flows and/or intrusives are 
capped by volcaniclastics and tuffs (Gustin, 1988). The 
dacites, along with the upper portion of the Cleopatra 
Member, may be correlative with the post ore volcanics in 
the Copper Chief area (Lindberg, 1986a).

THE GRAPEVINE GULCH FORMATION - The stratigraphy of 
the Ash Creek Group culminates in the tuffaceous sedimentary 
rock and intermediate volcanics of the Grapevine Gulch 
Formation. The Grapevine Gulch Formation crops out near 
Jerome and on the southwest flank of Mingus Mountain. Sub
lithologies within the Grapevine Gulch Formation include:
1. ) coarse grained lithic and tuffaceous sedimentary rock,
2. ) fine grained tuffaceous sedimentary rock, 3.) volcanic 
breccia, 4.) jasper-magnetite beds, 5.) dacitic flows and 
intrusives, and 6.) andesites (Anderson and Creasey, 1958). 
Intricate map scale folds developed within the Grapevine 
Gulch Formation testify to a complex and episodic
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deformational history (see plate 1, Anderson and Creasey, 
1958).

QUARTZ PORPHYRY - In their 1958 study, Anderson and 
Creasey described many irregular masses and thin tabular 
bodies of "intrusive" quartz-porphyry. Though the Cleopatra 
"quartz porphyry" consists of extrusive pyroclastic rocks 
and lava flows (Anderson and Nash, 1972), many of the thin, 
discordant bodies of quartz porphyry represent subvolcanic 
feeder dikes (Lindberg, 1986a). Dikes of quartz porphyry 
have been mapped throughout the district and strike east- 
west.

GABBRO - Intrusive rocks ranging in composition from 
diorite to gabbro are found throughout the Verde mining 
district. Most are semi-concordant, sill-like bodies, 
contained within the Grapevine Gulch Formation (Anderson and 
Creasey, 1958).

QUARTZ DIORITE - A large body of quartz diorite 
truncates the southern end of the Ash Creek Group. 
(Anderson and Creasey, 1958). Steeply dipping flow banding 
and secondary foliation within the quartz diorite strikes 
east-west. The quartz diorite is crosscut by a series of 
north-striking granodiorite dikes. The quartz diorite and 
granodiorite dikes have been dated at 1735 Ma (Bowring, U/Pb 
zircon dating, personal communication, 1989).
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PHILLIP ANDERSON'S PROPOSED REVISIONS

Phillip Anderson (1986) remapped the Verde mining 
district and proposed several revisions to the stratigraphy 
of the Ash Creek Group (fig. 3b.). Anderson (1986a) 
suggested that both the Gaddes Basalt and Buzzard Rhyolite 
are assemblages of very old and relatively young Proterozoic 
rocks. Anderson (1986a) grouped the "older" portions of the 
Gaddes Basalt and Buzzard Rhyolite along with part of the 
Shea Basalt into the Shea formation. The Shea formation is 
the base of Anderson's (1986a) revised stratigraphic column.

Anderson (1986a) believes the remaining portions of 
the Gaddes Basalt (including that exposed in the study area) 
and Buzzard Rhyolite are the youngest Proterozoic rocks in 
the Verde mining district. He correlates these units with 
rocks in the Black Canyon area, near Mayer (Anderson, 
1986a). Anderson (1986a) described the Gaddes Basalt as 
dominated by dacitic agglomerates.

As discussed in Chapter 5, the basaltic lithologies 
of the Gaddes Basalt in the Oak Wash drainage are 
inconsistent with Anderson's (1986a) description of the
Gaddes Basalt.
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STRUCTURAL MODELS OF THE VERDE MINING DISTRICT

With the exception of work done by Anderson and 
Creasey (1958), Lindberg (1986a,b,c), and Lindholm (1989) 
the structural geology of the Verde mining district has been 
relatively unstudied. Anderson and Creasey (1958) suggested 
that an initial period of deformation resulted in the 
formation of upright, open to tight, northwest-southeast 
trending folds. These early folds include: the Tex syncline 
and the Mingus anticline. Originally, a doubly plunging 
domal uplift, the Mingus anticline was warped into a sigmoid 
shape by oblique slip on the Oak fault (fig. 4), (Anderson 
Creasey, 1958). Anderson and Creasey's interpretation stems 
from the presence of north-northwest trending, moderate to 
steeply plunging folds and related axial plane fabrics near 
Jerome (Anderson and Creasey, 1958). South of Jerome, 
Anderson and Creasey noted that folds and foliations 
commonly trend east (Anderson and Creasey, 1958). They 
attributed the east-west structures to a later period of 
shear and faulting on the Oak Wash fault.

Lindberg (1986a,b,c), Lindberg and Jacobson (1974) 
and Lindberg and Gustin (1987), presented a different 
polyphase deformation model. Lindberg (1986a) ascribes the 
steeply plunging fold axes and christmas-tree map patterns 
to a single period of progressive strain (fig. 5). In
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Figure 4.) Anderson and Creasey's (1958) structural 
interpretation of the Verde mining district: gb = Gaddes 
Basalt; br = Buzzard Rhyolite; sb = Shea Basalt; d = Dacite 
of Burnt Canyon; a = Brindle Pup Andesite; dr = Deception 
Rhyolite; gf = Grapevine Gulch Formation.
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Figure 2. Simplified geologic map of the Jerome area, Verde district, Yavapai County, Arizona (modified from 
Lindberg, 1986a). Post-1971 detailed contact mapping modifies the interpretations and nomenclature of Anderson 
and Creasey (1938) and Anderson and Nash (1972). Current Informal district usage Is given below.
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Lindberg's model (Lindberg, personal communication, 1989), 
ductile, late stage, horizontal compression, accompanied by 
vertical extension, rotates originally subhorizontal fold 
axes into steeper orientations. This type of passive 
amplification and hingeline rotation generated the "cross
folds", and "plunge-reversals" observed in the district 
(Lindberg, 1986a,b; personal communication, 1989).

Based on work near Jerome, Lindholm (1989) reached 
similar conclusions. He also presented evidence for a later 
period of north-south shortening, D2.
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CHAPTER 5

LITHOLOGIC DESCRIPTIONS

The rocks of the study area have been divided into 
eight lithologic units. The broadest distinctions occur 
between basaltic extrusives, and felsic, hypabyssal 
intrusions. The basalts are subdivided into pillow lavas,
agglomerates, and massive flows. The felsic intrusives can 
be divided into separate and distinct feldspar and quartz- 
feldspar porphyries. Sedimentary rocks include: ferruginous 
cherts, and rare, thin clastic sediments. Locally, thin 
felsic flows are intercalated with the pillow lavas and 
pyroclastic agglomerates.

FELSIC INTRUSIONS

QUARTZ-FELDSPAR PORPHYRY - The quartz-feldspar 
porphyry is characterized by quartz and feldspar phenocrysts 
set in a matrix of anhedral quartz and feathery feldspar 
microlites. Quartz phenocrysts compose roughly 12% of the 
rock. They range in size from .5 to 7 mm, and have an 
average diameter of 2 mm. The quartz phenocrysts range from 
euhedral, hexagonal bipyramids to highly embayed, resorbed 
masses. Quartz phenocrysts display subgranular textures and 
undulatory extinction. The subgranular quartz phenocrysts



38

are in some cases broken by brittle extension fractures and 
have been healed by chlorite crystal fiber growth.

In the groundmass, fine grained quartz (averaging .05 
mm in diameter) is characterized by undulatory extinction 
and serrated, sutured grain boundaries.

Sodic feldspar phenocrysts make up 20% of the rock. 
The feldspar phenocrysts range in size from .2 to 3 mm, with 
an average diameter of 2 mm. Subhedral feldspar microlites 
average .01 X. 05 mm. Optical properties (index of 
refraction, optic sign, birefringence, etc.) indicate the 
feldspars range in composition from albite to oligoclase. 
Slightly rounded, euhedral feldspar phenocrysts are rhombic 
to tabular. The rounded crystal outlines suggest incipient 
resorbtion. Carlsbad twinning is well developed in the 
feldspars. Albite twinning is rare. The quartz and 
feldspar phenocrysts are commonly grouped into larger 
glomerophyric clusters.

The feldspar phenocrysts are in some cases altered to 
sericite, epidote, chlorite and quartz. Foliation is well 
developed in the sericitized phenocrysts.

Brittle fracturing of the unaltered feldspar 
phenocrysts is common. Rare undulatory extinction suggests 
the incipient stages of dislocation glide and recovery.
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Secondary chlorite, epidote and sericite are lightly 
and uniformly sprinkled throughout the groundmass. 
Leucoxene and/or sphene are found as fine grained aggregates 
clustered about cores of iron-titanium oxides. The 
aggregates range in size from .01 to .05 mm. Individual 
sphene and/or leucoxene crystals are irresolvable.

Devitrified flow banding is characterized by very 
fine grained, sugary quartz. The sugary quartz selectively 
and uniformly mantles individual quartz phenocrysts, and 
forms isolated, attenuated patches within the matrix. With 
the exception of small solid inclusions, the devitrification 
patches are entirely fine grained quartz. Non-quartz 
minerals are segregated into the interstices between 
adjacent patches. The flow fabric wraps and is deflected 
around individual phenocrysts (fig. 6).

FELDSPAR PORPHYRY - With the exception of quartz 
phenocrysts, the feldspar porphyry is nearly identical to 
the quartz-feldspar porphyry. Slightly rounded, euhedral 
feldspar phenocrysts are set in a fine grained groundmass of 
quartz and feldspar microlites. The feldspar phenocrysts 
range in size from .1 to 2.6 mm, with an average length of 
1.7 mm. Feldspar phenocrysts are commonly grouped together
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Figure 6.) Photomicrograph (slide
devitrified flow banding within quartz-feldspar 
Photograph taken in plane polarized light. Long 
of photomicrograph is 8mm.

QFP3) of 
porphyry, 
dimension
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into larger glomerophyric clusters. Brittle extension 
fractures within the feldspar phenocrysts are healed by 
chlorite crystal fiber growth.

The groundmass of the feldspar porphyry is comprised 
of felted feldspar microlites and anhedral quartz. The 
feathery, subhedral feldspar microlites average .09 X .5 mm. 
The fine grained quartz has undulatory extinction and 
serrate, sutured grain boundaries. Quartz grains range from 
.01 to .09 mm in diameter.

Chlorite is found at grain boundaries and as crystal 
fiber growth within brittle extension fractures. Opaque 
minerals occur as small cubes ranging from .01 to .06 mm in 
diameter, and as irregular masses ranging up to .2 mm in 
diameter. Sericite is lightly sprinkled throughout the 
phenocrysts and groundmass. Carbonates occur as small 
euhedral rhombs averaging .05 mm in length.

The simultaneous brittle deformation of feldspars and 
ductile deformation of quartz indicates the felsic rocks 
were deformed under greenschist facies metamorphic 
conditions. If deformation had occurred at higher 
metamorphic grades, the feldspars would show greater 
evidence of ductile flow (Simpson, 1985) .
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FIELD RELATIONSHIPS - The felsic intrusions occur as 
chains of long, thin tabular bodies that average 15 meters 
(50 feet) in width and 180 m (600 feet) in length. The 
dikes range in color from light, tan brown to dark brown and 
contrast easily with the darker basalts. Small folds (1.5 
cm to .5 m in amplitude) deform the internal flow banding, 
while map-scale folds distort the external contacts of the 
dikes. The S2 fabrics are axial planar to the folds at both 
scales.

In the southeast corner of the map area (figs. 7 & 
8), a tabular body of feldspar porphyry cuts across the 
contact between pillow lavas and the adjacent basaltic 
agglomerates. In the southwest corner of the map, an 
irregular body of quartz-feldspar porphyry cuts across an 
east-west striking, body of feldspar porphyry.

The margins of the dikes are characterized by: 1.)
mafic xenoliths, 2.) devitrified flow banding, and 3.) 
diffuse, hybridized contact zones (fig. 9). The diffuse 
(typically 3 m wide) contact zones are the result of wall 
rock assimilation and metasomatic activity. The presence of 
devitrified flow banding suggests the felsic rocks were 
intruded at shallow crustal levels into a relatively cool 
pile of wet volcanic rocks. Intrusion of the felsic dikes 
predates the development of the D2 fabrics. On the basis of
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Figure 9.) Zone of lithologic hybridization produced 
adjacent to felsic dike. Note presence of feldspar 
phenocrysts in mafic wall rock and mafic xenoliths in 
quartz-feldspar porphyry.
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field relationships, the relative timing of the dikes and D1 
is unconstrained. However, geochemical similarities 
(detailed in Chapter 6) between the felsic dikes and the 
Cleopatra Member of the Deception Rhyolite, suggest they are 
comagmatic. This implies the felsic dikes are pre-Dl.

The felsic dikes of the study area strike east-west 
and are subparallel to the dikes of quartz porphyry and 
Cleopatra crystal tuff mapped elsewhere in the district 
(Anderson and Creasey, 1958; Lindholm, 1989).

PILLOW LAVAS - The pillow lavas are characterized by 
a greenschist facies mineral assemblage. Prominent minerals 
include; sodic plagioclase, chlorite, amphibole (actinolite 
or hornblende), epidote, magnetite, titanomagnetite, 
leucoxene and/or sphene, carbonates and quartz. Hematite is 
found in minor proportions. Rare accessory phases include; 
deep blue amphiboles, sericite, and an indeterminate 
greenish brown phyllosilicate.

Primary igneous textures including amygdules, 
pilotaxitic and microphyric-glomerophyric fabrics are 
abundant and well preserved. The relationship between 
secondary ferromagnesian silicates and remnant feldspar 
microlites, indicates the pillow lavas were originally 
ophitic to intergranular.
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Rare amphibole phenocrysts are isolated, or grouped 
together into glomerophyric clusters. The amphibole 
phenocrysts are euhedral to subhedral and average .5 mm in 
length. The optical continuity and non-fibrous nature of 
the phenocrysts suggests a primary origin. Some of the 
amphibole phenocrysts are almost completely replaced by 
chlorite. No evidence of olivine is found.

Plagioclase microlites and phenocrysts range in 
composition from albite to oligoclase. The microlites 
average .03 X .2 mm.; whereas the phenocrysts average .2 X 
.4 mm. The microlites are commonly bent or folded, and are 
aligned parallel to the S2 flattening fabric. The 
microlites are set in a matrix of fine grained chlorite, 
amphibole, and opaque minerals. Chlorite grains average .1 
mm in diameter. Amphibole needles average .1 mm in length. 
Magnetite occurs as small cubes (averaging .06 mm) and 
larger anhedral masses (averaging .2 to .7 mm). 
Dendritically branching and reticulate titanomagnetite 
needles range from .0034 to .06 mm in length. The 
titanomagnetite is commonly skeletal and commonly displays 
"staircase" twinning.

Quartz occurs within the groundmass as small 
(averaging .02 mm) angular grains and larger (greater than 
.02 mm) sutured masses. Individual crystals are subgranular
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and have sutured grain boundaries. The quartz is commonly 
replaced by chlorite.

Epidote crystals are anhedral to euhedral and average 
.07 mm in diameter. Epidote ranges from turbid orange to 
transparent, yellowish green.

Leucoxene and/or sphene are sprinkled throughout the 
groundmass as small (less than .03 mm) granular masses. The 
individual crystals are irresolvable.

Deep blue amphiboles characterized by brilliant 
purple and brown pleochroism occur as a minor accessory 
phase. The blue amphiboles have a fibrous and radiating 
habit and are commonly enclosed in or found adjacent to 
carbonates. The composition of the amphiboles is unknown, 
but the consistent association with carbonate minerals 
suggests calcium substitution into either a riebeckite or 
glaucophane lattice.

The modal abundance of non-amygdule minerals is 
summarized in figure 10. The thin sections are arranged in 
order of increasing epidote abundance. . The following 
relationships are clear:

1.) With the exception of leucoxene and sphene, 
the secondary minerals are not uniformly developed.
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Figure 10a.) The modal abundance of nonamygdule 
minerals in the pillow lavas. Individual thin sections are 
arranged in order of increasing epidote abundance from left 
to right. Circles represent plagioclase; triangles, 
carbonates,* squares, epidote; shaded pattern is opaque Fe/Ti 
oxides.
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Figure 10b.) Open squares represent chlorite; solid 
triangles, amphiboles; plain line is total of amphibole and 
chlorite.
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Figure 10c.) Open squares represent leucoxene and or
sphene; open circles, quartz.
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2. ) Epidote and the opaque minerals are mutually
exclusive.

3. ) Carbonate minerals are abundant in non- 
epidote bearing rocks. After epidote appears, the abundance 
of carbonates remains relatively low.

4. ) Chlorite and amphibole are most abundant in 
epidote bearing rocks but not uniformly so.

5. ) Feldspar microlites decrease in abundance as 
epidote increases.

6. ) The abundance of quartz is variable? it is 
not systematically related to the abundance of other 
minerals.

Metamorphic clots, in which the primary fabrics have 
been obliterated, are locally abundant. They are typically 
spherical with an average diameter of .5 mm. The clots are 
composed of epidote, leucoxene and/or sphene, amphiboles, 
chlorite, carbonate and quartz. Partially consumed
plagioclase microlites occur as isolated, thin, ragged 
laths. Fine grained quartz occurs as separate grains or 
polygranular segregations within the epidote rich clots. 
Opaques minerals are absent.
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Amygdules are characterized by an concentric 
arrangement of quartz, chlorite, hematite, epidote, and 
albite (fig. 11). Quartz occurs as an optically distinct, 
fine grained rim on which more quartz, chlorite, hematite, 
epidote, and rarely albite have been precipitated. Chlorite 
nucleates on the outer rim of a vesicle, or previous 
infilling, and then projects radially in towards the center 
of the amygdule. Rosettes of epidote nucleate on the rim of 
a vesicle, or previous infilling, and then project radially 
outward from their point of attachment, into the amygdule.

Chlorite filled amygdules record a variety of strain 
responses. Different deformational fabrics include: S2 
cleavage, S2 recrystalization/foliation, F3 crenulations and 
S3 crenulation cleavage. Amygdule boundaries show the 
effects of FI, F2, and F3 folding (fig. 12).

Segregation vesicles (Smith, 1967) are ubiquitous 
(fig. 13). Segregation vesicles form by the migration of 
magmatic fluids back into a vesicle after it has formed. 
After freezing, the magmatic segregations may or may not 
fill the vesicle. The segregations are characterized by an 
irregular thickness of acicular to skeletal plagioclase 
microlites and iron-titanium oxides. The microlites and 
iron-titanium oxides are set in a matrix of extremely fine 
grained feldspar fibers. Skeletal feldspar microlites are
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Figure 11a.) Photomicrograph (slide Pil FC) of 
chlorite filled amygdules in cross polarized light. Long 
dimension of photomicrograph is 8mm. Note radial 
arrangement of chlorite in the outer rim of amygdules.
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Figure lib.) Photomicrograph (slide BLKP1.1) of 
epidote and quartz filled amygdules in plane polarized 
light. Long dimension of photomicrograph is 8mm.



Figure 12a.) Photomicrograph (slide B 13) of 
cleavage in chlorite filled amygdule, plane polarized light. 
Long dimension of photomicrograph is 8mm.
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Figure 12b.) Photomicrograph (slide BLKP2.2) of 
folds developed in the guartz rim of segregation vesicles, 
plane polarized light. Long dimension of photomicrograph is
8mm.
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Figure 13.) Photomicrographs (slide BLKP2. 
segregation vesicles in plane polarized light, 
dimension of photomicrographs is 8mm.

of
Long



58

commonly hollow, and display "swallow-tail" and "tuning 
fork" crystal morphologies. The development of skeletal 
crystal shapes results from the rapid quenching of magmatic 
fluids (Lofgren, 1974). The rate of diffusion for rejected 
components during crystalization plays a key role. Within 
the extremely fine grained matrix, the feldspar fibers are 
grouped into plumose, sheaf and fan-shaped spherulitic 
bundles.

Smith (1967) suggested that segregation vesicles form 
when a lava that contains vesicles, flows down a volcanic 
incline into progressively deeper water. The increase in 
hydrostatic pressure forces magmatic fluids back into the 
vesicles. Jones (1969) suggested that the same result is 
achieved by the continued microvesiculation of a lava. The 
pressure differential created by the condensation of high 
vapor point gases other than C02 or H20 within the vesicles 
may also be a contributing factor (Eastoe, personal 
communication, 1989). The crystal morphologies found within 
segregation vesicles are also found in the quenched and 
glassy rims of basaltic pillows.

The massive basalt flows are petrographically very 
similar to the pillow lavas and are not described below.

FIELD RELATIONSHIPS - Pillow lavas are the second 
most abundant rock type in the study area. An excellent
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outcrop is found in the unnamed drainage along the southern 
margin of the map (figs. 14, 8). Relatively unaltered 
pillow lavas range in color from light green to dark grey. 
Altered pillow lavas are tan to greenish brown. The 
individual pillows vary in size from .3 m to 5 m, with an 
average diameter of .6 m. Grey, and red chert nodules 
commonly fill the interstices between pillows. The 
boundaries between pillows are characterized by thin, 
chloritic seams. Individual pillow tubes are in some cases 
filled or replaced by quartz and epidote.

Deformed amygdules and segregation vesicles are 
ubiquitous. Amygdules range in size from less than 1 mm to 
up to 5 cm in length. An average length of 5 mm is typical. 
Amygdules decrease in size and increase in number as the 
edge of a pillow is approached. Radial, tube-like amygdules 
are rare.

Both the structure of the pillow lavas and the size 
of their amygdules have been used as subaqueous depth 
indicators. Jones (1969) reported that concentric bands of 
amygdules are common in pillow lavas emplaced in water less 
than 350 meters deep. On the other hand, concentric banding 
is poorly developed in pillows emplaced in water greater 
than 450 meters deep (Jones, 1969). The isolated occurrence



60

Figure 14.) Photograph of pillow lavas exposed in
unnamed wash on southern margin of map area.
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of banded amygdules in the pillow lavas of the study area, 
suggests they were emplaced in water greater than 350 meters 
deep.

Jones (1969) also correlated depth of emplacement 
with vesicle size. Post-depositional deformation, and a 
variety of other factors make this type of estimate 
unreliable. None the less, the average amygdule diameter 
prior to deformation was probably in the range of 1 to 2 mm. 
This corresponds to water depths of less than 500 meters.

The pillow lavas of the study area are thoroughly 
intermixed with pyroclastic debris. Areas of the map 
designated as pillow lava may contain up to 30% fragmental 
material. The converse is true for areas of the map 
designated as agglomerate. The pillow lavas and pyroclastic 
debris were emplaced during the simultaneous explosive 
eruption and effusive flow of basalt.

VOLCANIC AGGLOMERATES

The pyroclastic fragments are characterized by 
pilotaxitic sodic feldspar microlites set in a groundmass of 
chlorite, amphibole and epidote. Magnetite, titanomagnetite 
and leucoxene or sphene are also abundant.

The pyroclastic fragments have a finer grain size and 
greater amygdule content than the pillow lavas. In the
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fragments, feldspar microlites average .02 X .13 mm; in the 
pillow lavas they are typically .03 X .2 mm. Amygdules 
account for more than 25% of the fragments; whereas they 
comprise about 15% of the pillow lavas. Amygdules decrease 
in size and increase in number as the edge of a bomb is 
approached. Plagioclase microlites also decrease in size as 
the edge of a bomb is approached. On the margins of bombs, 
amygdules are preferentially filled by epidote and chlorite. 
In the center of bombs, quartz is the dominant amygdule 
infilling. Segregation vesicles are not found in the 
fragments.

On the basis of the relationship between secondary 
ferromagnesian silicates and remnant feldspar microlites, 
the pyroclastic bombs were originally holocrystalline to 
hyalopilitic. Devitrified bombs are characterized by a low 
abundance of feldspar microlites set in a very fine grained, 
turbid matrix of amphibole(?), chlorite, and epidote. 
Sheaves of fibrous amphibole(?) surround the needle-like 
feldspar microlites. The acicular, skeletal microlites 
rarely touch one another and in cases form radiating 
varioles.

The pyroclastic bombs range in color from dark black 
to medium green. The dark bombs are suspended in a matrix 
of smaller green clasts and tuffaceous material. The darker
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bombs are characterized by a thin(<1 cm) bleached rim, in 
which the iron titanium oxides have been converted to 
leucoxene and or sphene. Just inside the bleached rim, 
magnetite is concentrated, creating an unusually dark, 
concentric band. Amygdules within this band are highly 
attenuated and typically filled with chlorite. The boundary 
between the bleached rim and the tuffaceous matrix is 
defined by a thin film of iron oxides and leucoxene.

The tuffaceous matrix is characterized by a random 
clastic fabric, a higher chlorite content and a lower 
abundance of quartz and feldspar than the bombs. Relative 
to the bombs, the tuffaceous matrix is highly deformed, and 
characterized by thin films of iron oxide and leucoxene that 
coat cleavage and schistosity planes.

As alteration proceeds, the opaques are destroyed and 
the interfragmental matrix is transformed into a mass of 
chlorite. The chlorite surrounds rosettes of epidote and 
small clusters of leucoxene. Lesser amounts of quartz, 
albite, and amphiboles are found. The rims of altered 
fragments are characterized by a greater abundance of 
chlorite and chlorite filled amygdules. Where alteration is 
incomplete, clots of chlorite and epidote dot the tuffaceous 
matrix.
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FIELD RELATIONSHIPS - Pyroclastic fragmental rocks 
cover more than half the study area. An excellent outcrop 
is found in Oak Wash, just west of the Verde fault (fig. 
15). The fragmental rocks generally form a tightly packed, 
clast supported, lapilli tuff and agglomeratic breccia. The 
cracks and interstices between fragments are commonly filled 
by epidote and quartz. The fragments range in color from 
light tan to black and are typically medium to light green.

Two types of clast are present: larger, rounded to 
subrounded bombs, and smaller angular fragments. The bombs 
range from 3 cm to 1 m in size, with an average diameter of 
8 cm. The larger bombs are commonly ameobiform, or have 
flame-like shapes when they have been compressed into the S2 
flattening plane. The larger bombs are characterized by 
dark, chloritically altered or light grey, bleached rims 
(fig. 16). The altered rims represent the quenched, 
originally glassy margin of the bomb.

Many of the smaller, angular clasts are fragments of 
the larger bombs. Some of the bombs are highly fractured 
yet relatively undisturbed, resulting in a mosaic, or 
puzzle-piece type of breccia (fig. 17). Some of the smaller 
fragments can be visually restored to the locations, on rims



Figure 15.) Photograph of pyroclastic breccia in Oak

Wash.
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Figure 16.) Photograph of chloritically altered rims
on pyroclastic fragments.

Figure 17.) Photograph of mosaic/puzzle piece
breccia.



67

of larger bombs, whence they were derived by spalling. Many 
of the smaller fragments have cuspate and shard-like shapes; 
others are pie-shaped sectors that contain both the altered 
rim and unaltered core of a larger bomb. The smaller 
angular clasts were produced by the thermal and mechanical 
shock associated with submarine lava extrusion.

The intimate association of pillow lavas and 
pyroclastic debris indicates that the basaltic lavas were 
erupted simultaneously in the form of fountains and coherent 
lava flows. The effusive flow of basalt may have been 
produced by the channeling of unquenched magma after it fell 
to the sea floor. In order for this to occur, the rate of 
extrusion must exceed the rate at which lava is quenched.

In a submarine environment, volatile-driven lava 
fountains can form only when the vapor pressure of the 
exsolved gases exceeds the hydrostatic load (Fisher, 1983). 
For nonalkaline, basaltic lavas, the maximum depth at which 
this occurs is 500 m (Fisher, 1983). For most basaltic 
lavas, it occurs at depths of less than 200 m (Fisher, 
1983).

FELSIC FLOWS

Thin felsic flows or subvolcanic sills are locally 
intercalated with the pillow lavas and agglomerates. They
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are of minor extent, and are generally found within the 
lower basaltic agglomerates. The blocky, fine grained 
felsic rocks contrast easily with the surrounding mafic 
volcanics. Dark brown on fresh surfaces, the felsic flows 
weather to a light, tan brown. Amygdules are concentrated 
at the flow margins and are distorted into pancake and 
needle-like shapes. The flows are deformed into steeply 
dipping isoclinal folds.

Small quartz phenocrysts (averaging .07 mm in 
diameter) are set in a matrix of fine grained quartz and 
subhedral feldspar microlites. The feldspar microlites 
(averaging .025 X .0025 mm) make up 70% of the flow, and are 
partially replaced by fine grained quartz. Epidote, 
chlorite, and leucoxene or sphene are lightly sprinkled 
throughout the matrix. Amygdules filled with chlorite, 
carbonates, and quartz constitute 3% of the rock.

CLASTIC SEDIMENTARY ROCKS

Although extremely rare, volcanic arenites and fine 
grained, phyllosilicate-rich strata are locally found.

The fine grained sedimentary horizons consist of 
detrital quartz, carbonates, and laminated phyllosilicates 
of indeterminate composition. Lithologic banding within the 
phyllosilicates parallels S2. Because of their propensity

*
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to develop cleavage, the phyllosilicates beautifully 
' demonstrate the crosscutting relationship between the S3 and
‘ S2 fabrics (fig. 18).

The volcanic arenites are characterized by laterally 
\ continuous, sedimentary laminations and the presence of

occasional volcanic lapilli and bombs. The sedimentary
laminations are composed of alternating layers differing in 
grain size and mineral content. The sedimentary banding is 
subparallel to S2.

Plagioclase is the dominant clastic component of the 
arenites (32%). It occurs as angular to subangular, equant 
grains averaging .07 mm in diameter. The grains are
commonly polycrystalline and touch one another. The 
plagioclase grains are suspended in a matrix of fine grained 
chlorite (40%).

FERRUGINOUS CHERTS

The ferruginous cherts are dark grey to greyish red, 
massive sedimentary strata that form excellent marker beds 
(fig. 19). Sedimentary structures include: bedded granules, 
laminated iron oxides, and intraclastic horizons. Locally, 
the cherts are magnetic or characterized by a percent or two 
of fine grained pyrite. At one locality, a thin layer (< .3 
m) of bedded sulfides is found

A
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Figure 18.) F3 and S3 fabrics developed within the 
SI and SO fabrics of the phyllosilicate-rich sedimentary 
rocks. SO and SI parallel the long dimension of the 
photograph, while S3 is at a high angle to it.
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Figure 19a.) Photograph of ferruginous chert. b.) 
Intraclastic horizon within the ferruginous cherts.
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Figure 19c.) Photomicrograph of granular texture 
within the cherts, taken in plane polarized light. Long 
dimension of photomicrograph is 8mm.
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adjacent to the ferruginous cherts. Sulfide minerals 
include pyrite and sphalerite. The sulfides are spatially 
related to dark, chloritically altered basalts.

Clasts of the ferruginous chert (3 to 6 cm) are found 
suspended within fine grained tuffaceous-sedimentary 
material, indicating the cherts were partially mobilized by 
erosion or transported as debris flows.

In thin section, the cherts are granular to massive. 
Individual granules are recognized as discrete domains in 
which the relative proportions of quartz and iron oxides 
vary. The granules average .25 to .5 mm in diameter. Some 
are clear, polycrystaline quartz; others are fine grained 
hematite and magnetite. Individual granules are frequently 
rimmed by one or two concentric bands of contrasting 
quartz/iron-oxide content. Concentrations of magnetite 
frequently highlight the outer boundary of the individual 
granules. The granules are flattened and elongate parallel 
to S2.

Magnetite occurs as small, euhedral cubes or 
octahedra that average .05 mm in diameter. Quartz occurs as 
fine grained, polycrystalline aggregates, with undulatory 
extinction and serrated, sutured grain boundaries.
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CHAPTER 6 

GEOCHEMISTRY

The pillow lavas, massive flows, agglomerates, and 
felsic dikes were sampled for whole-rock, geochemical 
analysis. Amygdules and veinlets were avoided to minimize 
the effects of contamination and dilution. Less altered 
bombs were selected from the agglomerates in order to more 
closely approximate their original composition. Sample 
locations are shown in fig. 20.

X-ray fluorescence was used by XRAL in Don Mills, 
Ontario for the major elements, Rb, Sr, and Ba. A fused 
disk was used for the analysis of all elements except Nb, Y, 
and Zr. The abundances Nb, Y, and Zr were determined using 
a pressed pellet. The analytic precision is +.01 weight 
percent for the major elements; +2 ppm for Nb and Y; ±3 ppm 
for Zr; and ±10 ppm for the other trace elements. The 
analytic data are tabulated in table 1.

Because the major elements are mobilized during 
submarine weathering and alteration (Humphris and Thompson, 
1978a), their abundances are unreliable indicators of 
primary composition. Al, Ti, Zr, Nb, and Y, on the other 
hand, are less mobile (Humphris and Thompson, 1978a,b; 
Winchester and Floyd 1975, 1976, 1977, 1978; Costa, Barnet
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Figure 20.) Geochemical sample location map.



Table 1) 
Geochemical analyses.

S A M P L E  NO. S 1 0 2 A 1 2 0 3 C A O M G O N A 2 0 K 2 0 F E 2 0 3 M N O T I 0 2 P 2 0 5 C R 2 Q 3 LOI S U M R B S R Y ZR K B

B L K P 1 52.1 14 . 5 5.72 4.22 5 .79 0 . 8 7 13.1 0 . 2 9 1. 0 1 0 . 1 8 <0. 0 1 2.31 1 0 0 . 1 11 83 18 29 4
B L K P 2 58.7 13.1 5 . 4 5 1.66 5. 5 1 0 . 5 8 9. 7 7 0 .14 1.02 0 . 2 1 < 0 . 0 1 4. 1 6 1 0 0 . 3 34 100 20 21 5
B L K P S 55.9 1 4.0 6 .70 2.30 6.18 0 . 5 1 8 .38 0 . 1 6 0. 7 8 0 . 1 8 < 0 . 0 1 5.54 1 0 0 . 7 21 204 22 14 5
M P1 4 9.2 16.1 7 . 5 6 3 .55 3 .90 0 . 4 5 1 4 . 7 0 . 2 2 1.23 0 . 2 0 < 0 . 0 1 3.23 100.4 39 100 24 26 6
M P 4 50.7 16.3 5.07 6.54 4. 6 9 0 . 5 8 12.4 0 . 2 6 0 . 8 9 0 . 1 5 < 0 . 0 1 3.16 100 . 8 33 73 15 16 6
M P 5 51.8 1 4.9 8. 4 5 4.11 2.38 0 . 6 6 1 4 . 0 0 . 2 0 1. 1 0 0 . 1 8 < 0 . 0 1 2.54 1 0 0.4 36 43 5 19 12 6
PP 1 7 1.9 13.2 0 . 8 5 0. 6 0 6. 0 6 1 . 8 1 4 . 0 5 0 . 0 5 0 . 2 9 0 . 0 6 0 . 0 2 1.16 1 0 0 . 2 34 115 53 210 14
Q F P 7 4 . 8 13 . 0 1. 8 8 0 .48 5. 4 0 1 .63 2 .30 0 . 0 5 0 . 2 1 0. 0 4 0. 0 2 0 . 7 0 1 0 0 . 6 36 245 42 147 14
F R A G F A 6 9.3 9.11 3.61 2.71 3 .03 0 . 6 6 9.68 0. 1 4 0 .84 0 . 2 0 0 . 0 2 1 .39 1 0 0 . 7 26 58 18 16
M A S S F A 52 . 7 14.8 8.04 3.84 2.53 0. 4 3 1 3 . 2 0 . 2 1 1 .08 0 . 1 7 < 0 . 0 1 3 .08 1 0 0 . 1 35 172 21 34 6
P I L F B 52.4 14.8 6.64 3.74 4.14 0 . 6 6 1 3.4 0 . 2 2 1. 1 3 0 . 1 6 < 0 . 0 1 2. 8 5 1 0 0 . 2 32 184 18 25 4

V]
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and Kerrich, 1983; Gustin, 1988), and more accurately gauge 
the original composition of altered volcanic rocks.

Assuming a uniform primary distribution of elements, 
X:Y concentration plots can be used to evaluate element 
mobility during alteration. Pairs of elements from a given 
rock type that remain immobile during alteration maintain a 
constant concentration ratio as alteration proceeds. An X:Y 
plot of immobile elements generates a straight line that 
passes through the origin. Concentration or dilution of the 
immobile elements moves the data points away from or towards 
the origin, respectively.

X:Y concentration plots for the pillow lavas and 
pyroclastic agglomerates are shown in figure 21. The A1203 
vs Ti02 plot displays the best linear trend. Two thirds of 
the points are clustered, presumably about the original 
ratio, while the other third are more widely scattered. The 
Y vs A1203, Nb vs A1203, and Ti vs Zr plots all have 
similar, sublinear trends. The plots for the remaining 
element pairs are more widely scattered. Ratios for the 
pillow lavas group closer to the average than do those for 
the pyroclastic agglomerates.

On a Winchester Floyd discrimination diagram 
(Winchester and Floyd, 1977),(fig. 22), volcanic rocks are 
classified on the basis of Zr/Ti02 and Nb/Y ratios. Zr/Ti02
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Figure 22.) Winchester Floyd discrimination diagram. 
Large open circles represent pillow lavas and pyroclastic 
agglomerates; large open squares: porphyritic felsic rocks; 
small squares, diamonds and triangles: altered and unaltered 
samples of the Bullseye rhyolite, Cleopatra member and 
Deception Rhyolite near Jerome (Gustin, fig. 22, 1988).
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is used as a measure of differentiation. Nb/Y is used as a 
measure of alkalinity. Because these elements are immobile, 
the composition of the original, unaltered volcanic 
protolith can be determined.

Both the pillow lavas and the pyroclastic fragments 
plot well within the subalkaline field for basalt. The 
quartz-feldspar porphyry, and the feldspar porphyry plot 
within in the upper region of the rhyodacite-dacite field. 
The felsic intrusives correspond to the region of the 
diagram occupied by the Cleopatra Member (cf fig. 22; 
Gustin, 1988).

It may be argued that the lack of a linear trend on 
the Nb/Y and Zr/Ti02 plots (fig. 21), precludes the use of 
the Winchester Floyd diagram. However, the variation in 
these ratios (.22 to .4, and 317 to 916, respectively) on 
the X:Y plots, ranges by a factor of 2 to 3. On the 
discrimination diagram, these ratios vary by over 3 orders 
of magnitude. The mobility of these elements during 
alteration was insufficient to greatly modify their 
positioning on the Winchester Floyd diagram. The tight 
cluster of points within the basaltic field demonstrates 
this.

The petrographic evidence also supports a basaltic 
composition for the pillow lavas and agglomerates. The

j!
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presence of amygdules, segregation vesicles, and the 
pilotaxitic, variolitic, and quench fabrics in the pillow 
lavas and agglomerates is most consistent with a basaltic 
composition. The petrographic contrast between the pillow 
lavas, pyroclastic fragmentals, and rhyodacitic dikes, also 
supports this classification.

Figure 23 displays the variation of Si02, A1203, MgO, 
and FeO in the pillow lavas. The composition of an average 
basalt is also shown (Best, 1982). Samples FRAGFA, BP2, and 
BF5 all have high silica contents that reflect an abundance 
of quartz rich amygdules. These variations were not 
produced by mobilization during alteration.

The above petrographic and geochemical analysis of 
the Gaddes Basalt is inconsistent with the dacitic 
description of the Gaddes Basalt as provided by Phillip 
Anderson (1986a). However, the rocks described by Anderson 
(1986a) may be present in the other parts of the Verde 
mining district.



FRAG BP BF MAS P BP MP MP MR
FA 2 5 FA FB 1 5 4 1

Figure 23.) Major element variation diagram. 
Samples are arranged in order of decreasing silica content. 
Circles represent silica; hexagons; A1203; triangles: Fe2Q3; 
squares: MgO. The composition of an average basalt is 
indicated by symbols on right hand side of diagram (Best, 
1982).
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CHAPTER 7

STRUCTURAL ANALYSIS

The hypothesis that the Proterozoic basement of 
Arizona is an assemblage of accretionary terrane elements 
provides an excellent opportunity for the use of structural 
geology as a tool in terrane analysis. Karlstrom and 
Bowring (1988) suggested that the Shylock fault is a block 
bounding shear zone that separates the Big Bug block in the 
west from the Ash Creek block in the east. However, the 
negligible differences in age and lithology across this 
boundary are insufficient to establish separate and unique 
terrane histories. A new U/Pb zircon age date of 1755 Ma 
(Bowring, personal communication, 1989) for the pre-ore 
rhyodacites in the Jerome area coincides with the U/Pb 
zircon age of 1755 Ma. for the volcanic rocks of the Big Bug 
block (Karlstrom and Bowring, 1988). An understanding of 
the deformational histories of these two blocks is therefore 
necessary to clarify any accretionary relationships.

Structural data presented in this chapter are 
interpreted in terms of three penetrative deformational 
events: Dl, D2, and D3. A nonpenetrative deformation event, 
D4, is also recognized. summarized in figure 24, the 
deformational fabrics of the study area are distinguished on
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D1 D2 D3 D4

L2/U3

Figure 24.) Structural summary.
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the basis of: 1.) crosscutting relationships, 2.) lithologic 
map patterns, 3.) the orientation and geometry of folds, 
foliations and lineations, and 4.) strain intensity.

During D1 and D2, high strains accompanied the 
formation of tight to isoclinal, map scale folds. The 
superposition of F2 folds on FI folds resulted in a Ramsay 
class 2 interference geometry. During D3, low strains 
accompanied the formation of millimeter-to-centimeter scale 
crenulations in the earlier, penetrative fabrics. Rare, 
isolated kink bands define D4. The low strains that 
accompanied D3 and D4 allowed the F1/F2 interference forms 
to survive relatively unmodified.

Because of their dominant nature, the D2 fabrics are 
considered first. They are then used as a reference in the 
evaluation of the other fabrics.

D2 FABRICS

L2/S2 - The most apparent deformational features of 
the study area are associated with D2 shortening. Flattened 
and elongate primary objects (pillows, amygdules, 
pyroclastic bombs), define both the foliation and lineation 
of the pronounced L-S tectonite fabric: L2/S2 (fig. 25). S2 
(figs. 25 and 26) is a composite foliation, consisting of 
cleavage, phyllitic schistosity, flattened primary objects.
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in □

Figure 25.) Equal area stereographic plot of poles 
to S2 (squares, 448 measurements) and L2 (dots, 230 
measurements). Great circles represent best fit planes for 
poles to S2 and the average orientation of S2 (N81E,87NW). 
Solid squares on great circles represent the high, 
intermediate, and low eigen values for the Bingham axial 
distribution (STEREONET v.2.6) Solid square in center of 
dots represents average orientation of L2.
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and aligned feldspar microlites. The S2 cleavage and 
phyllitic schistosity wrap and are deflected around the 
ellipsoidal bombs and pillows. Poles to S2 fan about the 
axis BS2, which plunges moderately to the east (fig. 25; 
fig. 26).

The stretching lineation, L2, is defined by extended 
primary objects and plunges moderately to the east (fig. 25? 
fig. 27). Though strained objects vary considerably in size 
and shape, their orientation is relatively constant.

Compared to the basaltic bombs and pillows, the 
tuffaceous matrix and chlorite filled amygdules are highly 
attenuated. The average aspect ratio of the basaltic bombs 
is: 1:1.74:4.88 (83 ratios). Because the bombs are 
suspended in an incompetent tuffaceous matrix, this ratio 
serves as a minimum estimate of the finite strain. The 
average aspect ratio of the chlorite filled amygdules is: 
1:2.28:10.91 (80 ratios). Because chlorite is relatively 
incompetent, these ratios serve as a maximum estimate of the 
finite strain (assuming constant volume deformation).

The finite strain of the area as a whole is difficult 
to determine, because: 1.) it would be an integrated average 
over all lithologies, 2.) the strains associated with early, 
brittle folding mechanisms are unknown, and 3.) the 
deformational volume gain or loss is not well constrained 
(penetrative cleavage suggests a loss, Davis, 1984).
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bombs.
Figure 26) Photograph of flattened pyroclastic



Figure 27.) Photograph of extended amygdules.



92

SO - SO consists of the internal sedimentary 
laminations and external contacts of the ferruginous cherts. 
Poles to bedding (fig. 24; fig. 28), define a complete great 
circle, reflecting isoclinal folding about the axis, BSO, 
which plunges moderately to the east. Average bedding 
strikes east-west and is near vertical.

F2 FOLDS - Owing to the presence of laterally 
continous marker horizons (i.e. the ferruginous cherts), 
evidence for folding is found at a variety of scales. On 
the basis of axial orientation, mesoscopic folds can be 
divided into two categories: 1.) a large group that plunges 
moderately to the east, and 2.) a small group that plunges 
moderately to the west (fig. 24; fig. 29). F2 folds are 
considered to be those that plunge moderately to the east. 
The coincidence in orientation of BS2, BSO, and the large 
set of mesoscopic fold axes, indicates the rocks actually 
flexed about this axis.

A good example of macroscopic F2 folds is found in 
the southeast corner of the map area (fig. 7; fig. 8). An 
east-west trending series of tight chevrons line up to 
define the axial trace of a F2 synform. Lithologic 
repetition along this axial trace was produced by folding 
during an earlier period of deformation.
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Figure 28.) Poles to bedding, 288 measurements. 

Fold axis : 52, N79E (STEREONET v. 2.6).
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Figure 29.) Fold axes, 55 measurements.
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F2 FOLD MORPHOLOGIES AND DEFORMATIONAL MECHANISMS - 
F2 folds are found in a variety of sizes and shapes 
including: chevrons, box folds, "similar" folds, isoclinal 
hooks, class 3 folds (Ramsay, 1962a, 1967) and attenuated 
tear drops. Chevrons and box folds, with abrupt, angular 
hinge zones reflect brittle deformation in which the 
mechanical effects of layering dominated the folding process 
(Davis, 1984). However, teardrops, "similar" and class 3 
folds (Ramsay, 1967), reflect ductile flow, in which the 
mechanical effects of layering were minimal (Davis, 1984).

Class 3 folds (fig. 30) can be produced by 
differential pure shear (Ramsay 1962a, 1967). The 
definitive characteristic of class 3 folds, is increasing 
layer thickness (measured parallel to the axial plane, and 
perpendicular to the hingeline) as the axial trace of the 
fold is approached. "Similar" folds can be produced when 
simple shears generated in this manner are transmitted into 
the surrounding rock.

Differential pure shear can be invoked to explain the 
morphology of large map-scale folds in the study area. In 
the eastern half of the map (fig. 7; fig. 8), a large 
crescent pattern located at the intersection of a F2 
anti form and a FI anticline points to the east. Due west, 
along the same F2 axial trace, another crescent, located at
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Figure 30.) Down plunge view of mesoscopic class 3 
fold. Note how the thickness of individual layers (measured 
parallel to axial plane and perpendicular to fold axis) 
increases as the axial plane of the fold is approached. 
Fold is one foot across.
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the intersection of a F2 synform and a FI syncline, points 
west. The direct alignment of the opposing F2 structures 
along the same axial trace suggests differential pure shear. 
However, this "out of phase" relationship may be a function 
of variations in the mechanical properties of the layered 
sequence. Fold wavelength is a function of layer thickness, 
viscosity, and the general properties of the layered rocks 
(Davis, 1984).

D1 FABRICS

FI - In the previous section, evidence was presented 
for the north-south repetition of stratigraphy by F2 
folding. Evidence summarized here suggests that an earlier 
period of deformation, Dl, resulted in the east-west 
repetition of stratigraphy by folding.

Located in figures 7 and 8, and detailed in figure 
31, some ferruginous cherts and basalts have been folded 
into a north striking, symmetric isocline. The orientation 
of the opposing limbs indicates the fold is overturned, and 
verging to the west. Although the orientation of the axial 
plane is apparent, the trend and plunge of the fold axes is 
unknown. The greater apparent thickness of chert in the 
hinge zone may be indicative of shallowly plunging fold
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Figure 31.) North striking, FI isocline cross cut by 
East striking, F2 box folds. For location of isocline see 
D, figure and figure 20.
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axes. Owing to the unknown orientation of the fold axes, 
and the absence of facing indicators, it is unknown whether 
the isocline is anticlinal or synclinal.

Mesoscopic and macroscopic box folds, accompanied by 
a steep, east-west striking, axial plane fabric, cut across 
the west limb of the isocline. The box folds plunge at 
moderate angles to the east. The hingelines of the box 
folds are subparallel to the stretching lineation and the 
intersection of the two axial planes. The eastern limb of 
the isocline is flexed in a similar, though less pronounced 
fashion. The geometry and orientation the box folds 
indicate that they were produced during D2. It is concluded 
that the north-south isocline was produced during an earlier 
period of east-west shortening, Dl.

The high angle between the FI and F2 axial planes, 
and the overturned, isoclinal geometry of the FI folds is 
consistent with a class 2 interference geometry (Ramsay, 
1962a, 1967). Class 2 interference structures are 
characterized by crescent, mushroom, and christmas-tree like 
map patterns (fig. 32).

The folded contact between some basalts and 
ferruginous cherts is exposed on the vertical, east striking 
face of a prospect pit (fig. 33). The contact is deformed
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Figure 3 2 . ) Generalized—drawing showing the geometry 
of class 2 interference folds as developed in the study 
area, a.) Initial development of FI folds in bedding (SO). 
SI axial surfaces also shown.
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Figure 32b.) Folds developed in SI surfaces during
D2. S2 surfaces shown as dashed lines.
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Figure 32d.) Same as c.) with lower erosional
surface
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Figure 32e.) Same as c.) and d.) with lower 
erosional surface.
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west striking face of a prospect pit. FC = ferruginous 
chert; Bas = basalt? CV = quartz/calcite vein. Note hammer 
for scale. For location of prospect pit, see A, figure 20.
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into two asymmetric drag folds. The folds are inclined or 
overturned, and verge to the west. The orientation of the 
axes is unknown. The fold profiles and the orientation of 
the cross section (parallel to S2) indicate that these folds 
were not produced during D2. Based on the geometric 
similarities of these folds and the north-striking isocline, 
these folds are judged to have an D1 origin.

Figure 34 is the down plunge view of a tight F2 
chevron. Both limbs of the chevron dip to the north. The 
fold is overturned, and verges to the south. Small folds 
situated on the limbs of the larger chevron have a sense of 
asymmetry that is inconsistent with a parasitic, F2 origin. 
Parasitic folds on the north limb of the chevron would have 
a "z" sense of asymmetry, while those on the south limb 
would have a "s" sense of asymmetry. The opposite is true. 
The sinuous profiles of the small asymmetric folds is in 
contrast to the abrupt chevron of the larger fold. The 
smaller folds are judged to be genetically unrelated to the 
larger chevron and are interpreted as FI.

Figure 35 illustrates a similar situation. Two 
isoclinal, F2 folds have been transposed into the S2 
flattening plane. The western fold plunges moderately to 
the east; while the eastern fold contains two small, 
asymmetric folds on its southern limb. The asymmetric folds
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Figure 34.) Inconsistent, asymmetric folds developed 
on limbs of F2 chevron. For location of outcrop see B, 
figure 20.



108

\

-------3 m  * "  I

MAP VIEW N

Figure 35.) Refolded FI fold. For location see C,
figure 20.
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have the opposite sense of asymmetry and plunge in opposite 
directions. The "s" fold has the correct sense of asymmetry 
and axial orientation for a parasitic F2 fold; the 11 z" fold 
has the wrong sense of asymmetry and axial orientation for a 
F2 fold. The "z" fold is interpreted as FI. Figure 36 
illustrates the preferred model for the origin of 
inconsistent asymmetric folds.

The map scale geology of the study area is 
characterized by crescent-shaped, class 2 interference 
patterns (Ramsay, 1962a, 1967). Crescents are created when 
erosion exposes the intersection of an overturned FI 
anticline and an upright F2 antiform, or the intersection of 
an overturned FI syncline and an upright F2 synform. 
Crescents created by the intersection of the synformal 
structures point in one direction while crescents created by 
the intersection of the antiformal structures point in the 
opposite direction. Given this and the orientation of 
bedding, the location of map scale FI and F2 axial traces 
can be determined.

In the eastern half of the map area (figs. 7 and 8), 
a large crescent, cored by pillows and rimmed by cherts and 
agglomerates, points to the east. Because bedding dips to 
the east, this crescent represents the intersection of an 
overturned FI anticline and a upright F2 antiform. In the
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Figure 36.) Model illustrating development of 
inconsistent asymmetric folds. a.) asymmetric FI folds, 
b.) asymmetric F2 folds superimposed on FI folds. c.) 
erosion surface developed on superimposed FI and F2 folds.
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western half of the map area, a series of crescent-shaped 
and christmas-tree patterns points to the west. The 
christmas-tree and crescent patterns represent the 
intersection of three overturned FI synclines and two 
upright F2 synforms.

The relationship between superimposed, map-scale 
asymmetric FI and F2 folds is observed on the south limb of 
the christmas-tree structure (figs. 7, and 8). An east- 
northeast trending series of transposed ferruginous cherts 
separates pillow lavas in the north from agglomerates in the 
south. Offset in an en echelon fashion, and with a "s" type 
of asymmetry, the individual chert horizons are deformed by 
smaller, F2 "z" folds. The orientation of the "z" folds and 
S0/S2 relationships indicate the area is situated on the 
northern limb of a F2 antiform. The deformation represented 
by the earlier, "s" type of offset, is interpreted as FI. 
The individual chert horizons represent the overturned, 
transposed limbs of asymmetric FI folds.

SI - SI is not widely recognized in the study area 
(figs. 24, and 37). FI folds plunge at moderate angles to 
the west, and are characterized by axial planes that are 
subparallel to S2. The axial plane fabric of the FI folds 
is a combination of SI and S2. In some locations, both S2
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Figure 37.) Stereographic projection of poles to SI.
7 measurements.
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and S3 are present, and an additional cleavage is present 
subparallel to bedding. This is considered to be SI.

D1 DEFORMATIONAL MECHANISMS - Owing to the limited 
number of FI folds, information regarding D1 deformational 
mechanisms is restricted. None the less, the presence of 
chevron and class 3 folds implies that both flexural and 
passive modes of deformation were operative. Passive FI 
features may reflect D2 overprinting.

The morphology of the large, FI isocline (fig. 31), 
reflects D1 passive amplification (Suppe, 1985). During 
ductile nonrotational strain, all lines, with the exception 
of the principal strain axes, rotate towards the direction 
of greatest principal extension (Ramsay, 1967). If a 
component of rotational strain is introduced, all lines 
rotate, with the exception of the intermediate strain axis. 
In this manner, noncylindrical folds with curvilinear 
hingelines (possibly vertical) are produced from originally 
sublinear, cylindrical folds. It is likely the FI isocline 
was produced in this manner.

Lindberg (1986a, personal communication, 1989) 
attributes the "christmas-tree" map patterns near Jerome to 
this mechanism. Both the FI isocline of this study area, 
and the folds near Jerome (Paul Lindberg, 1986a; personal
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communication, 1989) were produced during the late stages of 
D1 deformation.

D2 DEFORMATION OF FI FOLDS - During D2 shortening, F2 
folds formed on the limbs of FI folds, parallel to the 
intersection of the FI limbs and the D2 flattening plane. 
FI fold limbs that were inclined at different angles (i.e. 
they were not isoclinal), flexed about slightly different F2 
fold axes. Under relatively brittle conditions, the 
strength of the two limbs joined in a FI fold hinge would 
present a resistive force to F2 folding (Ramsay, 1967).

There are three mechanisms by which this mechanical 
resistance may be overcome (Ramsay, 1967, p.546):

1.) The FI folds rupture in their hinge zone, 
permitting the opposing limbs to flex about different F2 
fold axes (fig. 38a). When this occurs, the layering of 
opposing FI fold limbs becomes displaced by D2 shear 
localized along the FI axial planes. The magnitude of the 
axial plane shear increases with distance from the F2 fold 
axis.

2.) The FI folds tighten, becoming isoclinal (fig. 
38b). This permits the FI fold limbs to flex about the same 
F2 axis. Though hinge zone rupture and axial plane shear
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t

Figure 38 D2 deformation of FI folds. a.) 
Overturned FI chevron. b.) D2 hinge zone rupture of FI 
folds, c.) D2 attenuation of FI folds.
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are unnecessary, F2 flexural slip is likely to occur. This 
mechanism results in extension parallel to the F2 fold axis, 
and the further attenuation of FI folds.

3.) The FI folds maintain their interlimb angle and 
hinge zone integrity, but the opposing limbs deform by 
oblique flexural slip. This requires intralayer distortion 
and some measure of ductility.

It is probable that all three mechanisms operated 
simultaneously during D2. The series of en echelon, 
transposed cherts in the west-central portion of the map may 
have been produced by a combination of the first and second 
mechanisms. The paucity of mesoscopic FI folds can be 
attributed to mechanical disruption during F2 folding.

The second mechanism may be responsible for: 1.) the 
large set of extension fractures oriented perpendicular to 
the F2 fold axis (fig. 39), 2.) the parallelism of the 
stretching lineation and the F2 fold axis, and 3.) the close 
alignment of poles to bedding to a single great circle.

D3 FABRICS

F3/S3 - D3 fabrics crosscut and crenulate the 
phyllitic S2 schistosity. A good example of D3 fabrics is



Figure 39.) Kamb contour (STEREONET v.2.6) of poles 
to extension fractures: 118 measurements, contour interval =
2 sigma.
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Figure 40a.) Kamb contour (STEREONET v.2.6) of poles 
to S3: 187 measurements, contour interval = 2 sigma.
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Figure 40b.) Photomicrograph of F3 Granulations and 
S3 cleavage developed in the argillaceous sediments. 
Photomicrograph taken in crossed polarized light. Long 
dimension of photomicrograph is 8mm. S3 is oriented 
parallel to the long dimension of the photomicrograph. SO 
and S2 are oriented perpendicular to the long dimension of 
the photomicrograph.
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Figure 40c.) Millimeter scale F3 crenulations
developed in SO and S2. For location of photograph, see E, 
figure 20.



found on a small hill, just north of the main map area (fig. 
40).

Striking to the north, and dipping moderately to the 
east, S3 is a subparallel alignment of crenulation cleavage, 
axial plane fractures and a prominent set of joints. F3 
crenulations deform the phyllitic, S2 schistosity and plunge 
moderately to the east, parallel to the S2/S3 intersection 
(fig. 40a).

The F3 crenulations are open to tight, and 
centimeter-to-millimeter in scale. The millimeter-scale 
crenulations are remarkably linear and give a streaked 
appearance to S2 surfaces (fig. 40c).

The centimeter-scale crenulations approximate a 
"similar" type of fold morphology. Davis (1984) suggested 
that "similar" folds form when flexural slip is combined 
with shortening via pressure solution cleavage. This type 
of mechanism accounts for the development of the F3 
crenulations. Both elements of the model are present: the 
F3 crenulations are developed in phyllitic S2 fabrics, 
allowing for flexural slip, and they are accompanied by 
crenulation cleavage.

Several map scale chevrons have an F3 origin (figs. 
41, 7, & 8). Their interlimb angles (100-170 degrees) and
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Figure 41.) Map scale F3 chevrons. For location.
see F, figure 20.
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axial plane orientations are most consistent with a D3 
origin.

In fissile, highly weathered outcrops, the S2/S3 
intersection is expressed as a miniature pencil structure, 
L3. The pencils average 2 to 3 cm in length and .3 cm in 
width. Pencil cross sections come in a variety of shapes, 
including squares, rectangles, and rhombs. Triangles, 
trapezoids and other irregular shapes suggest the influence 
of an additional fabric, most likely SI. Because the 
intersections of SI, S2, and S3 are subparallel, the effects 
of each individual fabric are difficult to isolate. 
Irregular pencil shapes reflect the differing relative 
intensities of each fabric. Pencil length is determined by 
the spacing of subhorizontal joints.

A prominent set of Miocene (?) faults and veins is 
oriented subparallel to the S3 fabrics (fig. 42). The map 
view separation along these faults is sinistral and no 
greater than 20 meters. Slickensides and chattermarks 
indicate a late period of sinistral dip-slip motion. The 
orientation and kinematic indicators of these faults 
indicate they are related to the Verde graben. Faulting 
locally took advantage of the pre-existing S3 anisotropy.

The veins are open space fillings with occasional 
clast supported fault breccias. Vein minerals include
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Figure 42.) Poles to Miocene faults and veins: 49
measurements.
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calcite, milky quartz, smoky quartz, and hematite. A zone 
of intense limonitic oxidation is usually developed marginal 
to the vein structures. Mining prospects are commonly 
located at the intersections of the veins and the 
ferruginous cherts.

D4

Isolated, low angle kink bands, S4, deform the S2 
schistosity and cleavage (fig. 43). Owing to ambiguous 
cross-cutting relationships, it is not clear whether S4 
predates or postdates S3. The subscript of S4 therefore 
designates relative importance rather than timing.

EXTENSION FRACTURES

Brittle extension fractures are developed in the 
competent basaltic fragments and pillow lavas. The 
extension fractures fall into two groups (fig. 39). The 
first set is oriented perpendicular to the stretching 
lineation. The second set strikes north-south, and is near 
vertical. The first set, oriented perpendicular to the 
stretching lineation, indicates that a certain amount of 
stretching occurred in this direction.

Both sets of extension fractures are folded (fig. 
44). Fold axes within the extension fractures are parallel
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Figure 43.) Poles to kink bands, S4: 4
measurements.
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fractures.
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to the intersection of S2 cleavage and the extension 
fracture surface. Both the folds and the extension 
fractures formed prior to the end of D2 shortening. The 
first set of fractures formed in response to stretching 
parallel to the F2 fold axis. This extension was necessary 
to accommodate FI fold attenuation during F2 folding. The 
second set of extension fractures formed at some other time, 
prior to the end of D2 in response to east-west, 
subhorizontal extension.

MAP AREA STRATIGRAPHY

In the eastern portion of the map area (figs. 7, 8, 
and 45) the large east-pointing crescent represents the 
intersection of a overturned FI anticline and a upright F2 
antiform. The outer, basaltic agglomerates overlie the 
ferruginous cherts and pillow lavas in that order. In the 
western half of the map area, the distorted, west-pointing 
christmas-tree pattern and crescents represent the 
intersection three overturned FI synclines and two upright 
F2 synforms. The agglomerates in the core of the christmas- 
tree overlie the pillow lavas, ferruginous cherts and outer 
agglomerates in that order. The outer agglomerates in both 
the eastern and western portions of the map are the same 
lithologic unit. Based on this, the stratigraphy of the 
study area can be reconstructed (fig. 46).



129

52m 104m

overturned anticline 

overturned syncline

342'

lA'

Figure 45.) Generalized geology, cross section and 
schematic stratigraphic column of study area.
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It is possible that the cherts, pillow lavas, and 
agglomerates in the eastern portion of the map, are 
structural repetitions of the same rock units exposed in the 
western portion of the map area. This structural repetition 
can be accomplished by one of two thrust models or as a 
large, recumbent fold nappe (fig 46).

The first model (fig. 46a) requires an initial period 
of D1 thrusting, followed by pre-D2 normal slip, resulting 
in a net normal separation. The second model (fig. 46b) 
involves pre-Dl thrusting. Though both models are tenable, 
no surface expression of this faulting was found. The third 
model (fig. 46c) involves a pre-Dl, recumbent fold nappe. 
Though this model is plausible, the existence of a large 
fold nappe is inconsistent with the strain indicators of the 
area. This type of deformation would be accompanied by a 
penetrative, layer-parallel fabric consisting of cleavage, 
mylonitic banding, and extended primary objects. This 
fabric would be apparent through the effects of later 
deformation. The weak, layer parallel fabrics of the study 
area can be attributed to D1 deformation. Because there is 
no direct evidence supporting the first or second model, 
they are rejected. The third model is rejected on similar 
grounds. In addition, pre-Dl recumbent folding would result 
in recognizable, high strain fabrics.
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Figure 46a.) Three models illustrating the pre or 
syn D2 structural repetition of stratigraphy. a.) Model 1 
involves D1 thrusting followed by pre D2 normal slip. 
Similar rock types are considered to be stratigraphically 
equivalent.
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Figure 46b.) Model 2: pre-Dl thrusting.
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Figure 46c.) Model 3: pre-Dl recumbent folding.
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LAYER PARALLEL FABRICS - Early, layer-parallel fabrics, are 
common in nearby Proterozoic terranes (Karlstrom and Conway, 
1986; Grambling and Codding, 1982; Gibson and Simpson, 1988; 
Williams, 1987), but are not found in the study area. This 
reflects a lack of development, a lack of recognition, or 
the masking by later fabrics. Even though a lack of well 
bedded rocks precludes certainty on this point, the locally 
intense, or penetrative asymmetric fabrics associated with 
layer-parallel simple shears are not found. It is possible 
that layer-parallel fabrics may be present in other portions 
of the Verde mining district. The well bedded rocks of the 
Grapevine Gulch Formation would be a good place to look.
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CHAPTER 8

ECONOMIC IMPLICATIONS

This chapter examines the mechanical and geometric 
effects of class 2 refolding on a hypothetical, sedimentary 
sulfide deposit. The primary shape of an orebody, is 
assumed to be that of a lens, thicker in the middle and 
thinner on the edges. It is also assumed that the early 
stages of deformation were brittle and that ductility 
increased during deformation. Evidence indicates that both 
brittle and ductile deformation affected the same 
lithologies during both D1 and D2. It is also assumed that 
the scale of folding, and the size of the deposit are 
comparable. It is unlikely that a deposit would lie 
entirely on the limb of a fold. Moreover, it is probable 
that the incompetent phyllosilicates located beneath a 
proximal ore body would nucleate folding.

During the early, brittle stages of deformation, an 
ore bearing sequence would gently flex and fold via flexural 
slip and flow (Donath and Parker, 1964; Davis, 1984). 
Depending on the relative competencies of the ores and the 
surrounding volcanic rocks, flexural flow would result in 
the minor hinge zone thickening of ore (Donath and Parker, 
1964; Davis, 1984).
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During late stage, passive amplification, the strains 
that develop within any horizon, are a function of the 
orientation of that horizon with respect to the 
infinitesimal strain ellipse (Ramsay, 1967). Passive 
folding would result in the thinning and stretching of ores 
localized on fold limbs and the shortening and thickening of 
ores located in fold hinges (Evensen, 1980). In fact, many 
ore shoots are found parallel to fold axes and their related 
lineations (Evensen, 1980). If late-stage, ductile 
deformation is characterized by horizontal shortening and 
vertical extension, then curvilinear, steeply plunging fold 
axes and ore shoots will result. This is the case in the 
Jerome area (Lindberg, personal communication, 1989).

Because of the mechanical problems associated with 
class 2 refolding, it is significant that an early period of 
deformation, Dl, would result in ore shoots that occupy FI 
hinge zones. During the early, brittle stages of D2, FI 
folds can only be flexed by some combination of three 
mechanisms. In the first case, the FI hinge zones rupture, 
allowing the layering of opposing Fl limbs to flex about 
different F2 fold axes. This type of hinge zone rupture and 
axial plane shear would destroy an ore shoot localized in 
the hinge zone of an Fl fold. In the second mechanism, the 
nonisoclinal Fl folds tighten, allowing the Fl limbs to flex



137

about the same F2 fold axis. An ore shoot localized in the 
hinge zone of an FI fold would become attenuated as the FI 
fold tightened. In this mechanism, hinge zone rupture and 
axial plane shear are unnecessary but the ores would be 
subject to F2 flexural slip and flow. In the third 
mechanism, the FI folds maintain their hinge zone integrity 
and their dihedral angle but their limbs become distorted by 
oblique flexural slip and flow. This mechanism allows the 
ore shoots localized in FI hinge zones to persist relatively 
unmodified.

During late stage ductile D2 deformation, the 
mechanical problems associated with flexural slip diminish, 
allowing the FI ore shoots and folds to persist and rotate 
about the F2 fold axis. After F2 isoclinal folding, the FI 
ore shoots and folds would plunge moderately to the west.

The range of potential ore shoot orientations is 
complicated when the effects of passive amplification are 
considered. D1 passive amplification would result in the 
variable orientation of FI ore shoots within the FI axial 
plane. Subsequent rotation of the FI fold axes about the F2 
fold axis would produce a variety of new FI orientations. 
In the case of isoclinal F2 folding, FI fold axes would 
plunge at any angle within the F2 axial plane. The effects
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of this type of D1 passive amplification appear to be 
minimal.

Though originally discounted, it is possible that an 
ore horizon may lie entirely on the limb of a large, FI 
fold. It then becomes possible for D2 ore shoots to form in 
the same manner as D1 ore shoots. However, deposits located 
on the limbs of FI folds would have been attenuated prior to 
D2, during Dl.

The above discussion suggests that ore shoots may be 
found parallel to either the FI or F2 fold axes. Ore shoots 
that form parallel to the FI fold axes during Dl are at risk 
of becoming sheared out or attenuated during D2. However, 
the presence of mesoscopic FI folds implies some chance of 
survival. The larger an orebody is, the greater this chance 
is.
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CHAPTER 9

REGIONAL COMPARISONS

Models for the deformation of the early Proterozoic 
rocks in Arizona vary considerably. Folds and axial plane 
fabrics with differing geometries and orientations are 
commonly reported (Anderson and Creasey, 1958; Dewitt, 1979; 
Evensen, 1980; Lindberg and Jacobson, 1974; Lindberg, 
1986a,b,c; O'Hara 1980, 1986a,b; O'Hara and Evensen, 1986;
Anderson, 1986a, personal communication 1989; Gustin, 1988; 
Lindholm, 1989).

Anderson (1986a, personal communication 1989) 
suggests that the different fabrics are the result of 
localized constrictions and strain heterogeneties, produced 
marginal to batholiths during a single period of
deformation. Lindberg (1986a,b,c; personal communication 
1989) emphasizes the effects of vertical extension during 
the late stages of a single period of deformation. On the 
other hand, Karlstrom and Conway (1986), Conway et al. 
(1987) and Karlstrom and Bowring (1988) suggest that the 
different fabrics reflect a systematic, though complex and 
episodic accretionary history.

The results of this study, combined with work at 
other locations within the Verde mining district (Anderson
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and Creasey, 1958; Lindberg, 1986a,b,c; Lindholm, 1989), 
suggest that three periods of deformation have affected 
different parts of the Ash Creek Block to various degrees. 
Each period of deformation is characterized by fabrics with 
a consistent orientation and geometry throughout the 
district. Structural similarities between this study area 
and the Jerome area include;

1. ) An initial set of north-northwest trending, tight 
to isoclinal FI folds. The FI folds are inclined or 
overturned and verge to the southwest (Lindberg, 1986a).

2. ) Variable degrees of D1 passive amplification and 
hingeline rotation (Lindberg, 1986a; Lindholm, 1989).

3. ) A steep, east-west striking cleavage: S2 
(Lindholm, 1989; Anderson, C.A., and Creasey, 1958; Gustin, 
1988).

In Jerome, it is difficult to isolate the effects of 
D1 passive amplification and hingeline rotation from D2 
shortening. However, most features can be adequately 
explained by passive amplification and hingeline rotation.

The structural style of the Jerome area differs from 
that documented in the study area in that;
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1. ) A dominant S2 flattening fabric has not been 
described near Jerome.

2. ) D3 (S3 and F3) fabrics have not been reported.

A cursory inspection of Anderson and Creasey's 
geologic map (1958) indicates that structural similarities 
between the study area and the rocks of the Grapevine Gulch 
Formation on the southwest flank of Mingus Mountain, 
include:

1. ) A subparallel orientation for the S3 fabrics of 
the study area, and the axial traces of late stage (F3?) 
folds in the Grapevine Gulch Formation (fig. 47). Both the 
Shylock fault zone and the tabular granodiorite dikes that 
cross cut the Grapevine Gulch Formation are subparallel to 
S3 in the study area.

2. ) F2 folds (fig. 47). When the F3(?) folds of the 
Grapevine Gulch Formation are mentally unfolded, the 
resulting lithologic patterns are consistent with the F2 
fold geometry of this study area. They both indicate north- 
south shortening.
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Figure 47a.) Map showing location of figures 47b.) 
and 47c.).
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Figure 47b.) Map of Grapevine Gulch Formation from 
Anderson and Creasey (1958). North is towards top of the 
page. Scale is 1:24,000.
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Figure 47c.) Enlargement of 47b.) with annotation of 
possible Dl, D2, and D3 features.



145

3. ) FI folds. Several fold patterns (fig. 47), in 
the Grapevine Gulch Formation, hint at a previous, and 
similar FI fold geometry.

4. ) The orientation of flow banding and foliation in 
the intrusive quartz diorite is subparallel to the S2 
fabrics of the study area.

The above observations regarding deformation in the 
Grapevine Gulch Formation and in the Jerome area suggest 
that regional deformation resulted in fabrics that have a 
consistent geometry and orientation throughout the district.

The geometry and style of deformation documented in 
the Verde mining district is distinctly different from that 
described in other parts of the early Proterozoic orogenic 
belt (cf. Lindberg, 1986c). In the Brady Butte area, 
Karlstrom and Conway (1986) documented a early set of 
isoclinal, recumbent FI folds that trend to the north- 
northeast and verge to the northwest. The recumbent FI 
folds have been refolded by a later set of upright F2 folds. 
The F2 fold axes are contained within a steeply dipping, 
north-northeast striking axial plane fabric. The FI and F2 
fold axes are subparallel and trend to the north-northeast. 
In the Mazatzal mountains, thrust faults and related
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structures verge to the northwest (Karlstrom and Conway, 
1986). In northern New Mexico, the structural style is 
similar to that documented at Brady Butte. Near Rio Moria 
(Grambling and Codding, 1982), an initial set of recumbent 
FI folds verges to the northwest. The FI folds have been 
refolded by upright F2 folds. The F2 fold axes trend to the 
southwest and are contained within steep, northeast striking 
axial planes. At other locations in northern New Mexico, 
Williams (1987) and Grambling et al. (1988) documented 
polyphase north-south shortening with a north-directed sense 
of transport. In the Proterozoic rocks of the Needle 
mountains in southwestern Colorado, Gibson and Simpson 
(1988) documented at least three periods of folding and 
north-south shortening. Bedding parallel fabrics indicate a 
north directed sense of transport. Suture structures along 
the Cheyenne belt in southern Wyoming also reflect a north 
directed sense of transport (Karlstrom and Houston, 1984; 
Duebendorfer and Houston, 1987).

The above examples of deformation in Proterozoic 
terranes outside the study area are similar in two respects;
1.) They are characterized by multiple generations of 
coaxial folds (i.e. folds of different generations that have 
hinge lines with similar orientations) reflecting episodic, 
north-south shortening. 2.) they have early, layer parallel 
fabrics, reflecting a north-directed sense of transport.
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The structural fabrics of the study area and the 
Verde mining district as a whole are anomalous on both 
counts. In the study area, the first two periods of 
deformation resulted in an interference pattern that is 
characterized by folds with subperpendicular axes. The 
vergence of the first generation of folds suggests a west- 
southwest directed sense of transport. Early layer- 
parallel, deformation fabrics have not yet been found. The 
consistency and distinctive geometry of the deformational 
fabrics documented in the Verde mining district support 
Karlstrom and Bowring's (1988) suggestion that the Ash Creek 
Block defines a unique accretionary terrane element.



148

CHAPTER 10 

CONCLUSIONS

1.) The Gaddes Basalt, as exposed in the Oak Wash 
drainage of the Verde mining district, is composed of 
stratigraphically repeated basaltic pillow lavas, 
pyroclastic agglomerates and ferruginous cherts. The 
ferruginous cherts are spatially related to pillow basalts. 
On the basis of lithologic textures, the basalts were 
extruded into water ranging from 350 to 500 meters deep. 
Minor felsic flows or sills and clastic sediments are 
intercalated with the basaltic extrusives. Rhyodacitic 
dikes, similar in composition to the Cleopatra Member of the 
Deception Rhyolite, cut across the basaltic extrusives. 
Intrusion of the dikes predates D2 deformation. The close 
correspondence in trace element geochemistry of the felsic 
dikes in the study area and the Cleopatra Member of the 
Deception Rhyolite suggest that these rocks were derived 
from the same magmatic source. The thin felsic flows or 
sills may represent local differentiates derived from the 
dominantly basaltic eruptive sequence. The chemical
characteristics of the Gaddes Basalt in the study area do 
not correspond to the dacitic rocks described by Phillip 
Anderson as the Gaddes Basalt (1986a).
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2. ) The volcanic sequence was subject to three 
periods of penetrative deformation: D1, D2, and D3. A 
period of post D2, nonpenetrative deformation, D4, resulted 
in the formation of isolated kink bands of minimal strain. 
Miocene (?) brittle faulting, characterized by sinistral, 
dip-slip motion locally took advantage of the S3 fabrics. 
Quartz-carbonate veins occupy these late stage faults.

3. ) D1 produced map-scale, tight to isoclinal FI 
folds. The FI folds were initially characterized by 
subhorizontal axes, contained within north-northwest 
striking, moderately east dipping axial planes. The FI 
folds are overturned, and verge to the west-southwest.

4. ) D2 shortening was oriented subparallel to the FI 
fold axes. F2 folds formed on both the upper and lower 
limbs of the overturned FI folds, parallel to the 
intersection of the FI fold limbs and the D2 flattening 
plane. F2 folds plunge moderately to the east. During D2, 
FI fold axes rotated about the F2 fold axis and now plunge 
at moderate angles to the west. The D2 flattening plane is 
characterized by the L-S tectonite fabric: L2/S2. S2 is 
near vertical and strikes east-west. Deformed primary 
objects have the proportions of a sunflower seed and plunge 
moderately to the east. The long axis of the strain 
ellipsoid is oriented parallel to the F2 fold axis. The
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ellipsoidal shape of deformed primary objects was produced 
by the superposition of the D1 and D2 strains. The axis of 
elongation largely reflects the intersection of the D1 and 
D2 flattening planes. A component of extension was 
introduced during the early stages of D2 as the FI folds 
tightened in response to F2 folding. FI hinge zone rupture 
accompanied FI fold tightening during the early stages of 
D2. The superposition of FI and F2 folds resulted in a 
class 2 interference geometry (Ramsay,1967).

5. ) D3 resulted in centimeter-to-millimeter scale 
crenulations in the earlier S2 fabrics. The F3 crenulations 
are accompanied by S3 crenulation cleavage.

6. ) D4 produced isolated kink bands of negligible 
strain. Ambiguous cross cutting relationships fail to 
resolve the relative timing of D3 and D4.

7. ) The low strains that accompanied D3 and D4 
allowed the F1/F2 interference forms to persist relatively 
unmodified.

8. ) The dominantly vertical orientation of bedding, 
and the east-west and north-south repetition of stratigraphy 
by folding suggest that district wide, structural repetition 
of stratigraphy may be expected. The Gaddes Basalt may 
actually correlate with the Shea Basalt while the Buzzard
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Rhyolite may correlate with the Deception Rhyolite. 
Detailed mapping throughout the district is needed to 
confirm or negate this.

9. ) The def ormational history of the study area 
would be disruptive to a small, sedimentary massive sulfide 
deposit. Potential ore shoots may parallel either the FI or 
F2 fold axes. The FI ore shoots that survived D2 would 
plunge moderately west. F2 ore shoots would plunge 
moderately east.

10. ) The deformational fabrics of the study area are 
consistent with those found in other parts of the Verde 
mining district. However, the fabrics of the study area 
differ from those found in other parts of the Proterozoic 
erogenic belt.
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