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ABSTRACT

Detailed study in the Mayer-Crown King area, Arizona, reveals 

the following Precambrian geologic history: (l) deposition of intermedi

ate to mafic submarine volcanic flows, agglomerates, and near-surface 

sills interlayered with minor calcareous sediments and chert; (2 ) . 
eruption of rhyolite flows, breccias, crystal tuffs, and genetically

related strata-form "massive" sulfide deposits (total volcanic stratig

raphy estimated at 3,500 meters); (3) regional tilting; (4) deposition 
of shales and siltstones; (5 ) possible regional deformation resulting 

from granodiorite intrusions; (6 ) major isoclinal folding of volcanic 

and sedimentary rocks about northeast-striking axial planes with fold 

axes that plunge steeply northwest, and concomitant regional metamor

phism of all rocks to upper greenschist-lower amphibolite facies; (7 ) 

intrusion of quartz monzonite-alaskite batholiths resulting in minor 

polyphase folding, retrograde metamorphism of surrounding metamorphic 

rocks, and fragmentation of the metamorphic terrane.

Important revisions in Precambrian geologic history drawn from 

this study include the recognition of steeply inclined, isoclinal fold

ing instead of gently plunging, asymmetric isoclinal folding, and the 

revision of previously proposed stratigraphy.
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INTRODUCTION

The Mayer-Crown King area contains two historically productive 

"massive" sulfide deposits, the Bluebell and DeSoto. The stratiform 

nature of the deposits exemplifies the need for understanding of regional 

stratigraphy in the search for additional economic deposits. Clearly, a 

basic knowledge of the Precambrian evolution of the area is needed.

Purpose

As originally designed by Mr. Jim Yeager and Amoco Minerals 

Company, reconnaissance geologic mapping between the Bluebell and DeSoto 

-Mines was to delineate favorable exploration targets for "massive" sul

fide deposits of the stratiform type. As the geologic history of the 

area became better understood, detailed mapping was extended to adjacent 

areas in an attempt to delineate more exploration target areas. The 

finished mapping and thesis provides a base map and report for further 

exploration, geologic study, and understanding of the Precambrian evolu

tion of central Arizona.

Methods

An exhaustive literature search was undertaken at the outset to 

familiarize the author with geology of the Mayer-Crown King area. 

Standard geologic field mapping during a five-month period in the summer 

of 1975 supplied the basic data for the thesis. Detailed structural,
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stratigraphic, and metamorphic data were recorded for later synthesis. 

Thin sections were prepared from selected samples for petrographic 

analysis. Such analyses form the data used in interpretation of the 

metamorphic history. Synthesis of all data resulted in the inferred 

geologic history of the Mayer-Grown King area.

Location

The thesis area is located in north-central Arizona, 32 kilome

ters southeast of Prescott, and 100 km north-north-west of Phoenix 

(Figure l). Extending from three kilometers north of Mayer, Arizona, to 

five kilometers south of Crown King, Arizona, the study area is approxi-
p

mately 28 km long and 3-6 km wide, and occupies 100 km in the Mount 

Union 15', Mayer 15', and Crown King 7 V  quadrangles.

Climate of the region is semidesert, with rainfall averaging 

less than 20 centimeters per year helow 1 ,3 0 0 meters elevation, 20-35  

cm per year from 1,300-2,000 m, and 35-^5 cm annually above 2 ,000  

meters. Topography in the area varies considerably, from gentle hills 

to steep-sided canyons and mountainous slopes with 300 meters relief. 

Elevation ranges from 1,200 m to 2,100 m with the corresponding vegeta

tion types: cactus; manzanita and brushy oak or chaparral; and pine 

forest.

Previous Work

Earliest geologic reconnaissance of the Bradshaw mountains area 

was by Jaggar and Palache (1905)• Subsequent economic and regional 

geologic reports have been written by Lindgren (1926) and Anderson and
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Figure 1. Location map, Mayer-Crown King area, Yavapai County, Arizona.
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Creasey (1958). More recently the geology of the Mount Union southeast 

TV quadrangle was extensively reported hy Blacet (1968). Stemming from 

Blacet and Anderson's previous work are numerous reports on the Jerome- 

Prescott area, including Anderson (1972) and Anderson and Blacet (1972a). 

Additionally two geologic maps by Anderson and Blacet (1972b, 1972c),

GQ 996 and GQ 997> have been published by the U. S . Geological Survey. 

Revisions of Precambrian geology of the area include those by Anderson 

et al. (1971), and Anderson and Nash (1972). Recent reports not dealing 

specifically with the thesis area include Gilmour and Still (1968) in the 

Iron King area. Brook (197^) in the Binghampton area, and Handverger 

(1975) and Lindberg (1975) in the Jerome area.



PRECAMBRIAN ROCKS

Precambrian igneous and metamorphic rocks characterize the 

Mayer-Crown King area. Igneous rocks are dominantly felsic stocks and 

batholiths. Metamorphic terranes are represented by metasedimentary, 

metavolcani'c, and metaplutonic rocks. To expedite discussion the modi

fier "Precambrian" will be dropped from all igneous and metamorphic rock 

types of Proterozoic age. Likewise the prefix "meta" will be deleted 

from all metamorphic terminology. Original, pre-metamorphic rock types 

will be used in the text in place of the present metamorphic terminology. 

Thus, a quartz-muscovite schist will be called a pelite and a hornblende- 

plagioclase schist will be referred to as a basalt. Abbreviations of 

minerals will be used in preference to complete mineral names in text 

and figures when possible. Standard abbreviations are listed in Table 1. 

Inferred original rock types and their present metamorphic assemblages 

are listed in Table 2. The reader is urged to consult the figure during 

the discussion for reference to metamorphic minerals. The author wishes • 

to emphasize the fact that nearly all rock types have been thoroughly re

crystallized at moderate to high grades of metamorphism. Because the 

discussion that follows refers to original rock types the reader may be 

lulled into thinking of them as unmetamorphosed rocks. Nothing could be 

farther from the truth.

Discussion of all rock types will be approximately chronologic, 

oldest to youngest. Relative ages of Phanerozoic rocks will be used as

5
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Table 1. Standard abbreviations of minerals.

Abbreviation Mineral Abbreviation Mineral

acc

act

and

ap

aug

bas hbde

bt

cc

cd

chi

chtd

cp

cz

dp

ep

accessories hbde

actinolite hem

an dal us it e hyp
anorthite content kf

of piagioclase
ky

apatite
mag

augite
ms

basaltic hornblende
op

biotite
plag

calcite
pycordierite
qtz

chlorite
sill

chloritoid
sph

chalcopyrite
spn

clinozoisite
st

diopside
trem

epidote
tour

garnet
zr

hornblende

hematite

hypersthene

potassium feldspar

kyanite

magnetite

muscovite

opaques

piagiocl as e

pyrite

quartz

sillimanite

sphalerite

sphene

staurolite

tremolite

tourmaline

zircon
gar



Table 2. Detailed phase petrology of rocks in thesis area.

Rock Type Metamorphic Grade
Upper Greenschist Lower Amphibolite Upper Amphibolite

Pelite qtz-ms-chl-bt-op qtz-ms-bt-chl-gar-an>20
qtz-ms-bt-gar-st-an>2Q
qtz-ms-bt-and-st

qtz-ms-bt-gar-s11]

Banded Iron Formation qtz-mag-hem-py 
qtz-bt-gar

qtz-mag-hem-py
qtz-bt-gar

Chert qtz-mag qtz-mag
Limestone cc-qtz-ms cc-trem-qtz-ms
Slate qtz-act-gar-ep-chl
Subgraywacke qtz-hbde-an>2Q-chl-ep
Basalt act-an^ ^-qtz-chl- 

'>~ ep-cc
hbde-an>2Q-ep-qtz-cc hbde-an>^Q-ep-qtz

Gabbro II ii

Agglomerate It ii

Andesite It it

Rhyolite-latite
Tuff

qtz-ms-an<-_10 qtz-ms-an^ ^  
qtz-ms-bt-chl-gar

Calcareous mafic tuff dp-hbde-an>If0-gar-qtz



modifying prefixes, such as Tertiary rhyolite porphyry. This modifier 

will thus separate. Proterozoic from Phanerozoic rocks.

Abbreviations of rock types will be consistent in both text and 

geologic map (Figure 2, in pocket). As an example, banded iron forma

tion will be found abbreviated bif in text and on Figure 2. Likewise 

andesite will be listed as and. Refer to Figure 2 for the complete 

listing of rock types and abbreviation. Such abbreviations will be used 

in the text to familiarize the reader with symbolism on the geologic map 

and to eliminate needlessly-lengthy text.

To aid the reader in use of the geologic map, color photographic 

reductions of the map are compiled in Appendix A. Appendix A contains 

all the detail of Figure 2 and should be helpful for quick reference when 

reading the text.

Detailed petrology of Precambrian rocks will be deferred to the 

"Petrology" section, with the following exceptions. Rock types that 

have received detailed descriptions from previous authors will not be 

reviewed by the author. Phase mineralogy for such rocks will be printed 

in the text, the first phase listed having the greatest volume percent 

in the rock, succeeding phases decreasing in percentage. Thus, a 

granite whose mineralogy is listed as orthoclase-plagioclase-quartz- 

biotite-muscovite-apatite-sphene contains more orthoclase than piagio- 

clase than quartz, etc. This decreasing abundance listing will also be 

used for metamorphic rocks.

Geographic locations in the text will be of the following stand

ard form: T. 10 N.,R. 8 E., Sec. 4, cadb. The abbreviation stands for

8



9
the northwest quarter of the southeast quarter of the northeast quarter 

of the southwest quarter of section 4, township 10 north, range 8 east. 

The last letter symbols in the abbreviation take the place of SW%,

NE^, etc. An (a) refers to the northeast quarter subdivision of a sec

tion, with (b), (c), and (d) following counter-clockwise from (a). 

Quarters are therefore listed in descending order of area. Consult a 

standard surveying text for a complete explanation.

Stratified Volcanic Rocks

Basalt-Andesite Tuff

The basalt-andesite tuff (bas-and t) is a sequence of dark green 

black, blocky, slightly foliated, non-pillowed basalt flows. Individual 

flow units are two-nine meters thick and contain andesite tuff interbeds 

Six-ten centimeter thick limestone lenses and interbeds are commonly 

distributed throughout the bas-and t . Major outcrop of the bas-and t 

is in the northern portion of the thesis area, approximately one-eight 

kilometers south-southwest of Mayer (Figure 2). The outcrop pattern in 

the area southwest of Mayer defines a major overturned, south-plunging 

anticline. Regional relationships of rock types in the mapped area and 

delineation of stratigraphic facing in younger rocks indicate the 

bas-and t to be the oldest rock mapped in the area. Diagnostic charac

teristics of the bas-and t include its subdued topographic expression 

resulting in rounded, brush-covered hills and small gullies.

As shown in Figure 3, the reconstructed thickness of bas-and t 

in the mapped area is U5O-6OO meters. Reconnaissance mapping to the



— 3000 m

—  2000m

—  1000 m

Figure 3. Initial deposition of volcanic rocks, Mayer-Crown King area.
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north indicates a much greater thickness, likely near l,hOO meters.

This 1,400 m-thick sequence appears to conformably overlie basalt-dacite 

flows not shown on Figure 3.

Banded Iron Formation—
Chert— Limestone

Conformably overlying the bas-and t is a probable facies- 

equivalent banded iron formation (bif)— chert (ch)— limestone (is). 

Interbedded iron-rich sediments of 7-30 m thickness are locally exten

sive in the bif-ch-ls. The entire complex appears to thicken eastward, 

with the chert-limestone facies grading into ferruginous chert, oxide 

facies iron formation and finally sulfide facies iron formation. Pyritic 

iron formation is best exposed along Cedar Creek (T. 11% If., R. IE.,

Sec. 26, ca), oxide iron formation east and northeast of the Bluebell 

Mine (T. 11% If., R. 1 E., Secs. 26, 27, 34, and 35), and chert and lime

stone 1.6 kilometers west of the Bluebell Mine in T. 11% N., R. 1 E.,

Sec. 33. This thickening and facies variation in an easterly direction 

may indicate a deepening basin eastward that was receiving chemically 

precipitated sediments of variable facies. Exact correlation of this 

complex along its. lateral extent is proven by mapping except for the 

inferred synclinal connection covered by Tertiary volcanic rock and 

alluvium in T. 11% If., R. 1 E., Sec. 27, a. Thinning of the complex to 

the west is shown on the geologic map (Figure 2), with positive correla

tion of chert lenses difficult past T. 11 If., R. 1 E., Sec. 5, ca. Most 

likely the western extension of this complex could be found in the un

mapped region west of the prominent Tertiary rhyolite dike intruding



12
the has-and t . Basaltic flows and possible gabbroic sills occur between 

the bif-ls-ch complex and the underlying bas-and t in T. 11% N., R. 1 E., 

Sec. 33, and T. 11 N., R. 1 E., Sec. 5-

The extensive oxide facies iron formations two kilometers east 

of Mayer (Figure 2) that are north of the Tertiary volcanic cover are 

probably lateral equivalents of the sulfide facies bif east of the Blue

bell Mine, a  detailed ground or airborne magnetic survey would be 

needed to verify this, however, owing to the probable structural com

plexity of the covered area.

Andesite

The andesite (and) complex is tremendously varied in composition. 

Thinly bedded (2-3 m), crudely pillowed andesite flows constitute 55 

percent of the complex. Rhyolite flows, crystal tuffs, and clastic 

tuffs occupy 20 percent of the area designated as and, with the remaining 

rock types being about equally divided among chert lenses, subgraywackes, 

calcareous sediments, and limestones. The and overlies the bif-ch-ls 

complex except where locally interrupted by basaltic flows and gabbroic 

sills in T. 11% N., R. 1 E., Secs. 33 and 34. The gabbroic sills will 

be discussed in a later section.

Noteable characteristics of the andesite complex include its 

heterogeneity and laterally variable thickness. Continually alternating, 

thin bedded, intermediate to felsic volcanic rocks with minor limestones 

and chemically precipitated chert and banded iron formations typify the 

andesite. Thickness is quite variable, from 65-350 m as shown in 

Figure 3.



Except for the rhyolite breccia stratigraphically beneath the 

previously described bif-ch-ls complex in T. 11^ N., R. IE., Sec. 26, 

bb, the andesite complex includes the first significant felsic volcanism 

(20 percent by area of the and) in the dominantly mafic, submarine vol

canic pile. Stratigraphic control diminishes in proximity to the rhyo

lite outcrops, suggestive of unconformable contact relationships result

ing from near surface intrusions, pyroclastic domes or pods of rhyolite. 

Explosive volcanism resulting in rhyolite breccias (Figure 4) is well 

shown in the outcrop of rhyolite in Cedar creek, one kilometer north of 

the Bluebell Mine. The Bluebell rhyolite (located at the Bluebell. Mine) 

has the largest areal outcrop of these rhyolites. Interestingly, the 

Bluebell "massive" sulfide deposit is localized in and at the contact of 

the rhyolite. Further discussion of the ore deposit and rhyolite will 

be found in the "Economic Geology" section. Other rhyolites include 

those along Wolf Creek, a tributary to Turkey Creek (T. 11 N., R. 1 E., 

Sec. 6 ) and the rhyolite complex 1.6 km southwest of the Bluebell Mine 
(T. 11 N., R. 1 E., Sec. 4).

Iron formations in the and are very thin (12 m maximum), and are 

spatially related to the rhyolites, occurring both above and below them. 

The bif are separate stratigraphic horizons; they are not distal facies 

of the rhyolites. Relatively massive (l-4 m) discontinuous chert lenses 

occur randomly in the and, as do calcareous sedimentary rocks and lime

stones. Subgraywackes and possible dacite flows are restricted to the 

western outcrops (Figure 3) which have a greater amount of pillowed 

and/or massive basalt flows(T. 11 N., R. IE., Sec. 5, b, and Sec. 6 ,

13
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Figure U . Rhyolite "breccia in Cedar Creek. —  Hammer parallels 
foliation which trends 015° (azimuth). View north.



a and d). The western and eastern portions of the andesite complex are 

connected by only a thin volcanic unit (Figure 1, T. 11 N., R. IE.,

Sec. 5, cc). A possible topographic high (Figure 3) may have served to 

separate the two basins of andesite deposition.

Agglomerate, Basalt, and Andesite

Agglomerate (agg), basalt (bas), and andesite (and) constitute a 

series of overlapping, unconformable flow units that, when considered as 

a time-stratigraphic unit, are grossly conformable with the underlying 

andesite complex and overlying tuff-rhyolite complex (Figure 3). Each 

member of the agg-bas-and will be considered individually in the follow

ing geologic discussion.

The agglomerate is a mixture of medium bedded (3-12 m), blocky, 

vesicular basalt flows and thin to thick bedded (2-20 m), andesitic- 

basaltic agglomerates. The agglomerate contains tectonically deformed 

pebble-cobble size, angular to subrounded clasts of chert, andesite, 

basalt, latite, minor rhyolite, and limestone. Figure 5 illustrates 

typical agglomerate cobbles and resultant texture. East of the Bluebell 

mine in the northernmost mapped area the agglomerate is in contact with 

bif that stratigraphically underlies the andesite complex. To the south 

the andesite complex is in contact with agglomerate in T. 11 N., R. 1 E., 

Secs. 3 and 4. As shown in the left-hand portion of Figure 3, either 

the andesite complex was eroded or not deposited, resulting in the ag

glomerate unit occupying the andesite's stratigraphic position. Farther 

southwest the agglomerate thins dramatically around the nose of a major

15
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Figure 5. Mafic agglomerate near Jubilee Mine. —  Hammer parallels 
foliation which trends 065°. View west.
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anticline centered on Turkey Creek until the entire unit has pinched out 

in T. 11 M., R. 1 E., Sec. 7, aa. From south to north the agk 's recon

structed thickness varies from 0-900 m (Figure 4) and may have "been much 

thicker to the north as suggested in Figure 3. Scattered massive, dis

continuous chert lenses complement the agglomerate's otherwise homogene

ous nature.

The has is made up of massive (15-80 m), blocky, pillowed, poorly 

foliated basalt flows and extensive 3-8 m thick, laterally continuous 

chert horizons and thin (2-6 m) limestones and iron formations. These 

limestones and iron formations are notably restricted to the uppermost 

portion of the has. The has occurs slightly east of the pinched-out agg 

and thickens markedly (from 0-800 m) to the southeast around the nose of 

a major isoclinal anticline in T. 11 N., R. IE., Secs. 7 and 18, and 

T. 11 N., R. 1 W., Secs. 13 and 24. See Figure 3 and Figure 6 for the 

simplified reconstruction and fold structure. Whereas the depositional 

environment of the agglomerate may have been fluctuating between sub

marine and subaerial, the basalt flows appear to have been dominantly 

submarine. Evidence for the submarine nature is the preponderance of 

chert horizons, limestones, iron formations, and pillow structures, the 

latter especially well shown in Figure 7-

In the region between agg and bas (T. 11 N., R. IE., Secs. 8 ,

1 7 , and 1 8) is located the thinly bedded (0 .3-0 .7  m), slaty andesites, 

andesite tuffs and minor sediments that vary from 0-600 m total thick

ness. The paucity of chert lenses in the and at the same stratigraphic 

position as the western facies-equivalent bas (Figure 3) may be



Figure 6 . Simplified geologic map, Mayer-Crown King area. —  
Precambrian plutonic rocks deleted for simplicity. 
Positioning of north arrow is correct as shown.
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Figure 7. Pillowed basalt flows. —  Located in roadcut 3.1 kilometers 
north of Crown King. View west.
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evidence for erosion of bas and agg and later deposition of the 

and.

Geomorphically the bas constitutes the rugged ridge west of the 

DeSoto mine, whereas the and underlies a subdued valley 1.5 km north of 

the DeSoto mine. The agg constitutes moderately rugged hills north and 

east of Turkey Creek as previously described.

Tuff-mudstone and Rhyolite

A conspicuous tuff-mudstone (t_) overlies the thin banded iron 

formations in the upper part of the basalt flows previously described. 

Averaging 65 m thickness, the thin bedded (10-20 centimeter) alternating 

sequence of probable mudstones, turbidites, and siliceous sediments oc

cupies extremely dense, brush covered, outcrop-deficient slopes. The t_ 

is stratigraphically beneath the rhyolite complexes.

Rhyolite complexes (rhy) consisting of quartz crystal rhyolite, 

flow banded, porphyritic rhyolite, breccias, and minor agglomerates con

stitute an areally extensive map unit in the central part of the mapped 

area. Among these complexes are the DeSoto rhyolite, located at the 

DeSoto Mine and shown in Figure 8 , the main rhyolite (T. 11 N., R. 1 E., 

Sec. 19 and 30, and T. 11 N., R. 1 W., Sec. 35) shown in Figure 2, and 

smaller, stratigraphically equivalent lenses and pods above the tuff- 

mudstone unit. Thicknesses of the rhyolites are difficult to estimate 

because of the previously described xmconformable relationships with 

other strata. However, the author estimates the DeSoto rhyolite ranges 

from 0-90 m, the main rhyolite from 0-270 m, and the minor pods from 

0-90 m. The erosion-resistant, iron-stained rhyolites form the
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Figure 8. DeSoto rhyolite and DeSoto Mine. —  Basalts (has) occupy 
break in slope; pelites (pel) constitute foreground; 
rhyolite (rhy) appears on horizon. Viev from DeSoto Road 
to the west.
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conspicuous high ridges and steep-sided cliffs that dominate the topogra

phy in the south-central portion of the mapped area. As at the Bluebell 

Mine, the BeSoto "massive" sulfide deposit appears to be localized in and 

at the lower (?) contact of the BeSoto rhyolite. More detailed descrip

tion of the ore deposit will occur in the "Economic Geology" section.

Andesite— Banded Iron 
Formation— Andesite

Andesite (and), banded iron formation (bif), and andesite (and) 

are here included as one geologic subdivision. Each rock type, from 

oldest to youngest, will be discussed separately. The lower and is made 

up of thinly bedded (12-25 cm), pillowed andesite flows and minor 

amygdaloidal basalt flows that unconformably overlie the rhyolite com

plexes. The mafic flows attain reconstructed basin thicknesses of 

300 m as shown in Figure 3 and on the geologic map (Figure 2). Maximum 

thicknesses are noted along the eastern boundary of the main rhyolite 

complex (T. 11 N., R. 1 E., Sec. 30, b). Minimum thicknesses of approxi

mately 60 m are noted in T. 11 N., R. 1 W., Sec. 25, a, where the rhyo

lite pods nearly contact the overlying bif. The variable thicknesses 

appear to be antithetically related to the unconformable "tops" of the 

rhyolite complexes. Only very minor chert lenses are found in the lower 

andesite. Thin (60 m), laterally discontinuous latite-rhyolite lenses 

occur near the top of the lower andesite in T. 11 N., R. 1 W., Secs. 13, 

24, and 2 5, just below the bif.

Extensive thinly laminated (0.3-1.0 mm) oxide facies bif of 

moderate thickness (12—45 m, 100 m maximum) and chert lenses occur
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between the lower and upper andesites and define the isoclinal fold pat

tern of the major overturned anticline in the southern mapped area 

(south-central portion of Figure 2). Banded iron formation constitutes 

the stratigraphic bottom of this section of chemical precipitates, with 

iron-free chert forming thick (3-12 m) lenses overlying the iron forma

tion. The pyritic iron formation and quartzites east of the DeSoto Mine 

(T. 11 N., R. 1 W., Sec. 19, a and d) are probably stratigraphic equiva

lents of the banded iron formations, but absolute correlation is diffi

cult because of the lensoid nature of the bif.

Thinly bedded (12-24 cm), pillowed and flows with calcareous 

interbeds and very minor basalt totaling 450-600 m overlies the bif. 

Typically the upper andesites form steep-sided brush-covered slopes of 

nondescript form. This andesite unit is the last dominantly volcanic 

member of the stratigraphy so far described.

Calcareous Mafic Tuff

The calcareous mafic tuff (cmt) is an extremely thin laminated 

(l-2 mm), tuffaceous, calcareous rock with minor thin bedded (0 .3-2 .0 m), 

pillowed, vesicular basalt flows. The tuffaceous portion of the cmt is 

shown in Figure 9• The cmt is a distinctive lithologic unit that con

formably overlies the upper andesite previously described. Estimates of 

primary thickness are difficult because of the unconformable relation

ships with younger rocks, but a tentative 600 m thickness is inferred 

(Figure 3). Distinctive features of the cmt include its uniform thinly 

laminated, wispy banding and complete lack of chert lenses.



Figure 9. Calcareous mafic tuff. —  Located near the War Eagle Mine, 
two kilometers north of Crown King.



25

Summary

The "basaltic-rhyolitic volcanic rocks and associated chemical 

precipitates ("banded iron formation, chert, and limestone) constitute a 

stratigraphic succession approximately 3,^00 meters thick. The volcanic 

flows and tuffs are strikingly "bimodal: voluminous "basalt and andesite 

and subordinate latite-rhyolite. Intermediate volcanic rocks (dacites) 

are noteably lacking. Banded iron formations are confined to distinct 

strigraphic horizons of great lateral extent (19-27 km), while chert 

horizon and lenses are less continuous (0 .6-1 .0 km), but nearly ubiqui

tous in the mafic volcanic rocks. Limestones are minor in volume and 

thickness, yet common as interbeds in all mafic flows.

Stratified Sedimentary Rocks

Pelites

Pelites (pel) of variable lithology unconformably overlie and 

truncate the volcanic rocks as shown in Figure 10. Basal iron-rich 

slates (si) and jasper-bearing conglomerates grade upward into arkoses, 

quartz-pebble conglomerates, voluminous shales and siltstones, and minor 

calcareous concretions and latite tuffs (lat). Sparse chert and mafic 

rocks two kilometers east of the DeSoto Mine complement the pelitic 

assemblage. Shale and siltstones account for nearly 70 percent of the 

areal outcrop of pelites shown on Figure 2. Stratigraphic reconstruc

tions indicate that pel thicknesses exceed 1 ,0 0 0 meters, the exact 

thickness indeterminate. .
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are the basal slate and conglomeratic slates that contact the calcareous mafic tuff 
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The regional unconformity "between volcanic and pelitic rocks is 

well documented on Figure 2 where, from south to north, the pelites 

(complete undivided section) are in contact with cmt south and east of 

Crown King, with and and rhy east of the DeSoto Mine, and with agg south • 

and east of the Bluebell Mine. Basal sequences of the pel (conglomeratic 

slates) contain jasper and chert lenses and subrounded clasts of chert 

in an iron-rich, calcic groundmass. Extremely fine laminated (l-2 mm) 

chert, quartzite, and pebble conglomerate containing rounded quartz and 

chert clasts parallel the unconformity at the base of the pel in T. 10 N., 

R. 1 W., Sec. 1, b and c. In the northern mapped area east of the Blue

bell Mine, massive chert horizons again parallel the unconformity at the 

base of the pelites, supportive of truncation of the volcanic rocks as 

portrayed in Figure 10. Arkosic units in the pel contain excellent 

graded bedding in T. 11 N., R. IE., Sec. 20, c, and Sec. 30, b and d, 

with facing indicators both east and west. This dual facing reflects 

the isoclinal folding of pelites. The main pel unit is a fine-grained 

shale with minor siltstone whose metamorphic equivalent is shown in 

Figure 11. The main pel unit occasionally contains calc-silicate bands 

(concretions?), latite tuffs in the northern portion near Cedar Canyon, 

and an isolated basaltic flow and associated chert lense in T. 11 N.,

R. IE., Sec. 20, 21.

Texas Gulch Formation

The name Texas Gulch formation was adopted from Anderson and 

Creasey (1958, pp. 28-30) by Blacet (1968, p. ^5) to name the sedimentary



Figure 11. Politic rocks. —  Porphyroblastic staurolite-garnet- 
quartz-biotite-muscovite schists along DeSoto Road, 
1.7 km west of Cleator.
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and volcanic-sedimentary rocks flanking the Brady Butte granodiorite in 

the western portion of the thesis area. The author has subdivided the 

Texas Gulch formation into stratigraphic units where mapped in the 

thesis area. Only two areas shown on the geologic map (Figure 2) that 

expose Texas Gulch formation were mapped in detail. In the southern area 

east of Towers Mountain, siltstone (sit), crystal tuffs, and shales 

(sh) truncate the volcanic rocks along a three kilometer contact. No 

basal conglomerate or clastic sediment is present to indicate great un

co nformable relations. A minor fault or transgressive onlap may char

acterize the Texas Gulch-volcanic rock contact in this area. West of 

the sh unit massive quartzites (qtz) occur in the Texas Gulch formation. 

The extent of such qtz are poorly known, as detailed mapping ceased be

fore their western contact was noted.

Farther north, 5-5 km west of the Bluebell Mine the Texas Gulch- 

volcanic rock contact is isoclinally folded and approximately conform

able as shown by the persistent rhyolite crystal tuff horizon at the 

contact. Subgraywackes (grw) are noted as massive, crudely bedded, 

iron-rich strata interbedded with sh, sit, and rhy. As stratigraphy of 

the Texas Gulch formation was not of major consideration in this thesis, 

refer to Blacet (1968, pp. U2-56) for a more thorough review of the 

Texas Gulch lithologies.

Summary
Politic sedimentary rocks (shales, siltstones) with clastic, 

basal members (conglomerates, slates) unconformably overlie the volcanic
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suite of "basaltic-rhyolitic rocks. Reconstruction (Figure 10) indicates 

that only 5-10° tilting was necessary, and hence,the lack of voluminous 

"basal conglomerates.

The Texas Gulch formation contact with the volcanic sequence 

appears conformable in places, and unconformable in other places. Tec

tonic movement may have obscured much of the data concerning this contact. 

More data on the contact relationships will be presented in the "Struc

tural Geology" section.

Intrusive Rocks

Gabbro

Two extensive gabbroic intrusives (gb) are located in the thesis 
2area, a 1.5 km sill and composite basalt-gabbro complex 0.8 km west of

2the Bluebell Mine and a 5 km equigranular, phaneritic gabbro plug that 

constitutes Towers Mountain near Crown King. The gabbro west of the 

Bluebell Mine intrudes and dilates the andesite complex to form an 

equant, mushroom-shaped sill that disrupts the regional fold pattern 

(Figures 6 and 10). The Towers Mountain gabbro cuts across the regional 

foliation as a discordant plug-like mass that possibly intrudes Texas 

Gulch formation. Incomplete mapping of the gabbro-Brady Butte granodio- 

rite contact does not allow precise age relationships of the two rocks 

to be stated. However, further structural data to be presented may re
solve the problem.

I
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Brady Butte Granodiorite

A probable correlative of the Brady Butte granodiorite (gd; see 

Blacet 1968, p. l6) occurs in the far western portion of the mapped area 

(T. 10 N., R. 1 W., Secs. 8, 9> 17, 20, 30, and 39) as a medium-grained, 

phaneritic, hypidiomorphic-granular, slightly foliated to gneissic gra

nodiorite . Cobble size (6-12 cm) mafic inclusions are ubiquitous in the 

granodiorite. The angularity of such cobbles is directly correlative to 

the gneissosity of the granodiorite which varies systematically from 

east to west: slightly foliated granodiorite with angular mafic inclu

sions to gneissic granodiorite with flattened or rod-shaped inclusions.

Crazy Basin Quartz Monzonite 
and Pegmatites

The Crazy Basin quartz monzonite (qm; see Blacet 1 9 6 8, p. 16 3)
2is a zoned batholith (areal dimensions of 200 km from regional recon

naissance by the author, 1975) that contains a slightly sheared and 

crushed margin (150-600 m wide) of medium-grained alaskite (orthoclase- 

plagioclase-quartz-muscovite) and a core of coarse-grained, phaneritic, 

porphyritic quartz monzonite (plagioclase-orthoclase-quartz-muscovite- 

biotite). The batholith is unfoliated, contains inclusions and septa of 

pelites northeast of Crown King, and is cut by pegmatities (quartz- 

ortho clase-plagioclase-muscovite-tourmaline-beryl) 0.5-8.0 m thick.

Undeformed pegmatites (peg) also intrude only the pelitic rocks along 

foliation planes peripheral to the batholith (0-3,000 m radius). For a 

more complete description of the quartz monzonite refer to Blacet (1 9 6 8,

pp. 162-165).
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Summary

Gabbroic plugs and sills intrude the volcanic sequence and pos

sibly cut the Brady Butte granodiorite. This granodiorite has been shown 

by Anderson et al. (1971, p* 11) to also intrude the volcanic sequence 

and to have been deformed by regional metamorphism. Field data of this 

thesis do not substantiate nor refute the previous hypothesis, but more 

description of data related to such a theory will appear in the "Discus

sion" section. A slightly zoned quartz monzonite batholith intrudes the 

pelites. Pegmatites genetically related to the batholith cut both 

pelites and quartz monzonite.



PHANEROZOIC ROCKS

Phanerozoic rocks in the Mayer-Crown King area include intrusive, 

volcanic, and sedimentary rocks. Only the intrusive rocks will receive 

attention in the discussion that follows.

Phanerozoic rocks will not he reviewed in detail in the "Pe

trology" section; rather cursory petrologic descriptions will be found 

in the latter portion of this section.

Tertiary-Cretaceous Granodiorite
2A 10 km Laramide (?) stock intrudes the Precambrian volcanic 

and sedimentary terrane in the vicinity of Crown King. The intrusive is 

a fine-medium grained, hypidiomorphic-granular plagioclase-orthoclase- 

quartz-biotite-homblende granodiorite (TK gd). Figure 12 shows the 

mineralogic and textural characteristics of the TK gd. A fine-grained, 

porphyritic rhyolite (quartz-orthoclase-plagioclase-muscovite) not dif

ferentiated on the geologic map intrudes the TK gd in T. 10 N., R. 1 W., 

Sec. 18. No contact aureole was noted surrounding the granodiorite, but 

pervasive argillization of both rhyolite and granodiorite occurs periph

eral to the rhyolite for 600 meters. Although to the author *s knowledge 

the Laramide (?) granodiorite has not been radiometrically dated, 

identical (texture, mineralogy, alteration) stocks in the Walker and 

Poland Junction areas, Mount Union 15’ quadrangle, have K/Ar ages of 6k

33
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Figure 12. Photomicrograph of Tertiary-Cretaceous granodiorite. —  
Coarse-grained, euhedral piagioclase (plag), subhedral 
orthoclase (kf), anhedral quartz (qtz), skeletal, medium
grained hornblende (hbde), anhedral biotite (bt) , euhedral, 
tan sphene (spn), and hexagonal apatite (ap). Scale as 
shown. Crossed nicols. Sample #6$. Succeeding figures 
will not contain abbreviations in the descriptions. Refer 
to Table 1 for abbreviations.
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and 70 million years "before present, respectively. Age data were com

puted using "biotite separates (Anderson and Blacet 1972a, p. l).

Tertiary Rhyolite Dikes

Tan to brown, fine-grained, porphyritic rhyolite dikes (T rhy; 

quartz-plagioclase-orthoclase-biotite-diopside) intrude the volcanic and 

sedimentary sequence parallel to regional foliation. In the Crown King 

vicinity the rhyolite dikes cut the TK gd although not specifically indi

cated on Figure 2.

Tertiary Basalt Dikes and Tertiary-Quaternary 
Volcanic Rocks

Green-black, medium-grained, equigranular to slightly porphyritic 

basalt (T bas) dikes (plagioclase-augite-hornblende-epidote-orthoclase- 

chlorite-calcite) intrude the PreCambrian terrane perpendicular to re

gional foliation as shown in Figure 13. Typical mineralogy and tex

ture of the basalts are shown in Figure 14. The basalt dikes also 

cross-cut the T-rhy dikes (T. 11 N., R. IE., Sec. 7$ bcab). These 

basalts are most likely feeder dikes to the Miocene-Pliocene (l4.6-10.1 

m.y.b.p. , Anderson and Blacet 1972a, p. 28) Hickey basalt flows and inter- 

bedded sediments. The Hickey formation (TQ v ) occurs near Jerome, 
Arizona, in the Mingus Mountain 15' quadrangle, and south of Mayer in 

the northern portion of the thesis area. Also included in the TQ v are 

Quaternary and Recent alluvium and travertine deposits three kilometers 

north of Mayer.



Figure 13. Tertiary basalt dike intruding PreCambrian metavolcanic 
sequence perpendicular to regional foliation. —  Hammer 
parallel to foliation which trends 030°. View north in 
Turkey Creek.
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1-------------------1 I m m

Figure lU. Photomicrograph of Tertiary basalt. —  Coarse-grained,
subhedral augite, lath-shaped basaltic hornblende, euhedral 
plagioclase, subhedral orthoclase, dark blue chlorite, and 
fine-grained epidote. Scale as shown. Crossed nicols. 
Sample #25.
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Summary
Plutonism during the late Cretaceous or early Tertiary created 

the Crown King granodiorite which intrudes the folded PreCambrian rocks. 

Later Tertiary rhyolite dikes intruded parallel to regional foliation. 

Late Tertiary basalt dikes cross cut foliation, and are probably feeder 

dikes to flat lying basalt flows which unconformably overlie the Pre-

cambrian rocks.



CHEMISTRY

Virtually no chemical data are available for rocks in the Mayer- 

Crown King area. Anderson (1972) reports chemical analyses of ten rocks 

in the far northeast corner of the study area. Six of those analyses 

are for politic rocks, however. Anderson’s (1972) other analyses are of 

the Bluebell rhyolite and the agglomerate of this study. Blacet (1968) 

reports one analysis of a pelite in the southern portion of the area.

The author obtained no chemical analyses of rocks in the area during this 

study. Chemical data to date are summarized in Table 3. Refer to Figure 

15 (in pocket) for the location of sample sites.

An attempt to justify the naming and differentiation of rock 

types in the study area resulted in the calculation of pseudo-chemical 

analyses of selected rocks based on modal mineralogy as determined from 

thin section petrography and approximate chemical composition of the 

phases present. Appendix B is a compilation of chemical composition of 

metamorphic minerals commonly found in politic, basic, and calc-silicate 

rocks as a function of metamorphic grade. An exhaustive literature 

search was the basis of Appendix B. Data in Table 4 were calculated 

using Appendix B and the percentage of major phases. Extreme caution is 

urged in the interpretation of Table 4, as two approximations (mineral 

chemistry and mineral percentages) have been used to create an absolute 

oxide weight percent.

39
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Table 3. Chemical analyses of selected rock types, Mayer-Crown King 
area.*

Oxide
Wt. percent

Sample Number
(l) (2) (3) (4) (5)

Si02 62.9 50.4 75.1 82.1 62.9
Ti02 0.7 1.0 0.1 0.1 0.7

1 6 .8 l4.8 13.8 10.3 17.9

Fe2°3 2.6 3.0 0.8 0.3 2.8

FeO 3.8 7-7 1.4 0.2 4.4

MgO 2.4 8.3

-=fCXJ 0.2 2.0

CaO 2.4 9.1 0.1 - 3.0

Na20 3.1 3.2 1.6 0.1 2.5

K2° 2.1 0.1 2.1 5.9 1.8

H2°t 2.7 1.1 2.4 0.6 1.3

C02 0.7 0.5 - - -

* Sources of data:
(1) Average of #2, 3, U , 5, 6, and 7, Table 3, Anderson (1972). Rocks 

are all pelites collected in an area east of the Bluebell Mine near 
Cedar Canyon.

(2) Sample #1, Table 4, Anderson (1972). Mafic agglomerate two 
kilometers south of the Bluebell Mine.

(3) Sample #2, Table 4, Anderson (1972). Rhyolite from the Bluebell 
Mine area.

(4) Sample #3, Table 4, Anderson (1972). Rhyolite from the Bluebell 
Mine area.

(5) Sample #1, Table 3, Blacet (1968). Pelite two kilometers south 
of the DeSoto Mine.
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Table 4. Pseudo-chemical analyses of selected rock types, Mayer-Crown 
King area.*

Oxide
Wt. percent

Sample Number
(1 ) (2 ) (3) (4) (5) (6 )

Si02 67.5 58 .6 61.4 47.0 55.2 50.8

TiOg 0.5 0.7 0.3 0.4 0.4 0.3

A12°3 17.1 13.7 8.4 12.4 1 0 .1 17.4

Fe2°3 0.9 2.5 1 .8 1 0 .6 3.1 1.3
FeO 5.5 7.7 7.9 15.4 5.1 4.8

MgO 2 .0 6.7 8 .8 4.8 6 .1 5.6

CaO 0.7 5.7 3.7 4.4 1 3 .6 1 0 .6

Na20 0 .8 1 .8 0.3 0 .2 1.7 2 .0

K2° 1 .8 . 0 .1 1.9 0 .1 - 1 .0

H2°t 2 .2 1.3 3.2 1.3 0.3 0 .6

* Sources of data:
(1) Average of sample #39, 40, 43, and 45. Pelitic rocks two kilometers 

southeast of the DeSoto Mine.
(2) Sample #22. Mafic agglomerate near Jubilee Mine.
(3) Sample #14. Mafic schist southwest of Bluebell Mine.
(4) Sample #63. Slate member of pelite unit three kilometers north of

Crown King.
(5) Average of sample #66-70. Calcareous mafic tuff five kilometers 

southwest of Crown King.
(6 ) Sample #59- Gabbro of Towers Mountain.
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Inferences derived from Table 4 include the following. Politic 

rocks approximate quite closely world-wide analyses of quartz-mica 

schists and phyllites. Mafic agglomerate appears to be intermediate be

tween andesite and basalt composition. Mafic schist approximates an 

alumina-poor dacite. Slate member of pelite unit is a tremendously 

iron-rich, alkali-poor sedimentary rock. Calcareous mafic tuff has the 

approximate composition of a lime mud. The gabbro of Towers Mountain 

closely approximates a high-alumina gabbro. The pseudo-chemical analyses 

apparently justify the rock names as proposed by the author.



PETROLOGY

Several authors, notably Blacet (1968) and Anderson and Blacet 

(1972a), have dealt extensively with the igneous petrology of selected 

hatholiths in the study area. For an excellent review of the literature 

refer to their work. _This paper will not embellish upon the previous 

authors' work concerning the petrology of the Precambrian igneous rocks. 

Phanerozoic igneous rocks will also receive no more descriptive treat

ment. Refer to the first section of the paper for a cursory discussion 

of their petrology.

Metamorphic Rocks

Mafic Rocks

Mafic rocks of andesite-basalt composition occur throughout the 

mapped area as pillowed-massive amygdaloidal flows, thinly laminated 

tuffs, agglomeratic flows, sills and discordant plugs. Although retain

ing such original depositional textures as pillows, vesicles, and - - 

amygdules, the mafic rocks are usually completely recrystallized to an 

oriented metamorphic fabric defined by subparallel alignment of horn

blende crystals in a matrix of plagioclase, epidote, quartz, and calcite. 

C-axes of hornblende crystals are dominantly parallel to the regional 

lineation which is also coincident with the beta (B) axis of major and 

minor folds.
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Textural Relationships. Regional deformation has imparted a 

marked schistosity to most of the rocks in the mapped area. The 

schistosity of mafic rocks is controlled, however, by the origin (pla

tonic or volcanic) and relative thickness of individual flow units, 

sills or plugs. Flows less than 15 m thick are generally highly foli

ated, as are the outer edges of gabbroic plutonic intrusives. Flows and 

sills much thicker than 35 m are poorly foliated, and the central 

(greater than 200 m fromthe margin) portions of gabbroic intrusives are 

usually non-foliated. An example of the latter is the Towers Mountain 

meta-gabbro north of Crown King (Figure 2).

Typical textural relationships of the mafic rocks (amphibolites) 

are shown in Figure l6, a photomicrograph of matrix from the basaltic 

agglomerate. Idioblastic blue-green hornblende and brown biotite with 

xenoblastic plagioclase and quartz and minor magnetite constitute the 

slightly foliated amphibolite. Lepidoblastic textures in mafic rocks 

are common in actinolite-hornblende schists derived from tuffaceous 

andesites (Figure 17)• Other minor textures are noted among mafic rock 

types, but their insignificance does.not merit elaboration.

No primary ferromagnesian (pyroxene, olivine) phenocrysts have 

been retained in the amphibolites, but pseudo-blastoporphyritic hand 

specimen textures of poorly foliated amphibolites west of the Bluebell 

Mine (Figure 2) are the result of hornblende-epidote aggregates in a 

matrix of plagioclase and quartz. The sub-idioblastic nature of the 

matrix plagioclase and even spacing of hornblende-epidote aggregates 

(pyroxene phenocrysts?) may reflect an original gabbroic texture.

Primary zoned and twinned plagioclase phenocrysts occur in hand specimen
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t h 1 m m
Figure l6. Photomicrograph of amphibolite matrix of mafic agglomerate.

—  Idioblastic, colorless to green hornblende, lepidoblastic 
brown biotite, and xenoblastic, colorless plagioclase.
Scale as shown. Plane light. Sample #22.

Figure IT. Photomicrograph of lepidoblastic texture in andesite.
—  Prismatic, pale green actinolite, colorless to cloudy 
plagioclase, and idioblastic, high relief sphene. Scale 
as shown. Plane light. Sample #60.
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samples of massive flows and sills southwest of the Bluebell Mine 

(T. U N . ,  R. 1 E., Sec. 4, ba). Primary mineralogic occurrences, how

ever, are the exception rather than the rule in metamorphic assemblages. 

Gabbro of Towers Mountain (Figure 18) indicates a striking metaigneous 

texture of coarse-grained, zoned and albite-twinned plagioclase (An^) 

partially covered by a mat of unoriented, coarse-grained, blue-green 

to green hornblende and accessory sphene and apatite. A two meter 

thick dioritic sill 1.5 km west of Tuscumbia Mountain (located just 

west of the thesis area) also exhibits a metaigneous texture as shown 

in Figure 19.

Petrology. Phase petrology of.the mafic rocks is shown in 

Table 5 and reproduced on Figure 15, with brief mineralogic descriptions 

of major phases below.

Hornblende is pleochroic blue-green to light green, has extinc

tion angles 220-32° A C-axis, and is the dominant ferromagnesian mineral 

in all samples. Occasionally (samples #14, l6, 73) tremolite-actinolite 

occurs as rims on hornblende crystals, and in sample 56 colorless tremo- 

lite is the only amphibole present.

Plagioclase is present in nearly all the mafic rocks as twinned 

intergranular crystals and relict phenocrysts. Its lack in some samples 

(#2, 3) may be due to its optical similarity to quartz. Anorthite com

ponent of plagioclase varies from An^^ ^  as determined by Michel * Levy 

method of albite twin extinction (Kerr 1959, p. 258).
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Figure 18. Photomicrograph of metaigneous texture in Towers Mountain
metagabhro. —  Anhedral plagioclase, ragged, coarse-grained 
pleochroic hornblende, and interstitial, colorless quartz. 
Scale as shown. Crossed nicols. Sample #59.

Figure 19. Photomicrograph of metaigneous texture in dioritic sill.
—  Subtle dr al, twinned plagioclase and brown, subidioblastic 
hornblende. Scale as shown. Plane light. Sample #71.
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Table 5. Phase petrology of mafic rocks, Mayer-Crown King area.

Phase ____________________ Sample Humber* _______ ________
1. 2 3 8 9 13 14 16 21 22 4l 42 $6 58 59 6o 71 73

Hornblende X X X X X X X X X X X X X X X

Tremolite rim X X

Actinolite rim X

Quartz X X X x X X X X X X X X X X X

Biotite X X X X

Chlorite vn X alt X X X X alt

PI agio cl as e 
(An cont.)

35 45 X 38 20 35 4o 66 44 X 48 50 30

Epidote X X X X X X X

Clinozoisite X X

Calcite X X X X X X X X

Opaques X X X X X X X X X X X X X X X

Apatite X X X X

Sphene X X X X x X

* Note:
X = major phase 
x = minor phase 
g = groundmass phase 

alt = alteration phase 
rim = rims major phase 
vn = vein



Quartz occurs as anhedral, interstitial matrix material in all 

samples except #5 6, 71 j and 73. Quartz is usually a major phase but 

does not account for more than 15 modal percent.
Epidote occurs as fine-grained disseminations and aggregates 

peripheral to hornblende crystals in one-third of the samples.

A colorless, highly twinned carbonate mineral, probably calcite, 

is present as disseminated crystals and minute monomineralic layers in 

one-half the samples.

Colorless to pale green to dark green pleochroic chlorite occurs 

in the groundmass of some amphibolites (#3, lU, 9, and l6) and as obvious 

alteration of hornblende in samples 3 and 73. The primary chlorite is 

important in the graphical representations to follow. The alteration 

chlorite may indicate retrograde alteration of the mafic rocks. This 

retrograde metamorphism will be discussed later.

Pleochroic brown-greenish brown biotite exists in four of the 

18 mafic rocks. Biotite is always fresh, indicating its original 

character.

Accessory minerals including opaques (magnetite and/or ilmenite), 

apatite, sphene, and clinozoisite coatings on plagioclase constitute a 

minor percentage of the total mineralogy.

Graphical Representation. As an approximation containing invalid 

assumptions and deletions (Miyashiro 1973, pp. 125-126, Winkler 197%, 

pp. 3%-36) the ACF diagram .may be used to represent the petrogenesis 

of metabasic rocks. For a complete discussion of the construction of
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the ACF diagram refer to Miyashiro (1973, pp. 124-128), Winkler (1974, 

pp. 30-40), or Korzhinski (1959, pp. 8-40):

Figure 20 indicates the chemographic relationships of basic 

rocks in the thesis area. A simplified explanation of Figure 20 is as 

follows. A, C, and F represent the determining components for the gen

eral bulk composition of basic rocks.

A = A1203 + Fe203 - (Na20 + KgO)

C = CaO
F = FeO + MgO + MnO

Mineral assemblages for each sample are determined and the coexisting 

phases (minerals) are connected by tie lines.

Criteria for equilibrium among widespread metamorphic assemblages 

may be simply stated by the "Mineralogic Phase Rule of Goldschmidt" 

(19U):
F = c - p + 2

c - p + 2 ^  2

c  >  p

F = degrees of freedom = intensive variable change 

c = components (CaO, etc.) 

p = phases (minerals)

which states that the number of components must be equal to or greater 

than the number of phases present at equilibrium. In the ACF plot, 

therefore, equilibrium mineral assemblages should contain 3, 2, or 1 

phases. Korzhinski's (1965) mineralogic phase rule refines Goldschmidt’s 

phase rule by the differentiation of components into perfectly mobile



Anorthlte Contents of Plagloclase
(l) = an^
(8) = an̂
(9) = ? (13) = an3
(21)
(M)

Plagl
(Ii2) (l6) - an.

Anorthlte Contents of Plagloclase (2) » ?
(3) = ?

35
**66

(58) - an,|0
(59) = an5Q
(60) ■ an3g 
(71) ” an<%
(56) = 7

Reaction Indicated between Assemblages (A) and (C) 
ep t chi ==» an + hbde

Probable Reaction that takes place in naturally-occurring assemblages 
(hbde/act present) + qtz + ab f ep + chi === plag (> an^) + hbde.(> Na^, Al^)

Figure 20. ACF graphical representations for basic rocks, thesis area. —  Abbreviations are
as in Table 1. Numbers in parentheses (13) are sample numbers shown on Figure 15.

V)H
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mobile components (c^e.g., HgO, CO^) and determining components 

(Cx;e.g., SiOg, CaO, etc.):

F = (Cm + CX ) - p + 2 -  2 + °m
C ^ p

which states equilibrium assemblages will contain equal or fewer phases 

than determining components in the system. In summary, any mineral 

assemblage that contains more than three phases in the ACF plot will 

indicate disequilibrium unless stabilized by other factors that we have 

not considered.

What is indicated by the occurrence of more than three phases in 

the ACF diagrams? Consider the example of four coexisting phases as 

shown below.
A

When the phases are joined by tie lines it is obvious that lines 1-4 and 

2-3 cross. A chemical reaction must be taking place between the com

ponents at the ends of the crossing tie lines: (l) + (4) == (2) + (3). 

Briefly stated, four or more coexisting phases in an ACF diagram indi

cates disequilibrium. A chemical reaction among phases should be taking 

place. Textural evidence should be able to substantiate the reaction 

process. The possibility of the assemblage being stabilized by addition



of more components does exist, but for our purpose we will dismiss that 

possibility.

With constant bulk composition and chemical potential of mobile 

components three coexisting phases of defined chemical composition indi

cate equilibrium with variable temperature and pressure of the system.

Two or fewer phases indicate one or more degrees of freedom (F) of the 

extensive variables (chemical composition of the phases, phase trans

formations, etc.). In order to completely define the petrologic system, 

therefore, some combination of intensive and extensive variables is 

needed.

Referring to Figure 20, SiO^ is assumed to be an excess compo

nent (Kbrzhinski 1959s pp. 8-10) because quartz is present in all samples. 

Consequently the ACF diagram is really a projection (Thompson 1957) from 

quartz. Carbon dioxide may be a perfectly mobile component in the basic 

rocks. As calcite is the only phase containing COg, calcite may be de

leted from the projection and COg considered an accessory component 

(Kbrzhinski 1959, p. 9). Water (HgO) is assumed to be perfectly mobile, 

and hence does not appear as a determining component. Sodium (NagO) is 

present both in plagioclase and hornblende, but the minor amount of 

NagO in hornblende ('V 1.0 volume percent) may allow the designation of 

sodium as a trace component in the amphibole. Plagioclase may therefore 

be plotted as pure anorthite in the ACF projection, NagO being an acces

sory component. KgO is an accessory component because of its singular 

occurrence in biotite; therefore neither KgO nor biotite are included in 

the ACF plot. All trace components such as TiOg, PgO^ are assumed to be
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present in one phase such as sphene or apatite, respectively. Therefore, 

neither phases nor components are included in the graphical representa

tion.

Assemblages of mafic rocks in Figure 20 may he divided into two 

groups, (A) and (c), with one sample (B) representing a transition 

between the major groups. Crossing tie lines indicate the simple reac

tion between assemblages (A) and (c): 
ep + chi === plag + hbde 

with the more complex reaction

(hbde/act present) + qtz + ab + ep + chi ===

plag (> anx) + hbde (> Nax>> Alx) (l)

probably taking place.

The transition from actinolitic hornblende (pleochroic light 

green, fiberous, = 1.65) to hornblende (pleochroic blue green-green-

brown, prismatic, Z^ > 1.65) is discussed by Loomis (1966), and 

Miyashiro (1958), with the above reaction (l) invoked for hornblende 

formation. Absolute pressure-temperature (P-T) data are not available 

for the above reaction (l) due to the complex compositions of the miner

als involved. However, empirical evidence from other metamorphic ter

races (Winkler 197^> pp. 73-77) indicates the above reaction nearly co

incides with the first appearance of garnet and the breakdown of chlorite 

in the presence of muscovite in pelitic rocks. These pelitic rock re

actions are known to occur near 520 + 20° C, q = = 2 kb (Winkler

197^, pp. 75-77) the reaction temperature increasing only slightly with
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pressure (Winkler 197*+> p. 232). Therefore the amphibole transition 

reaction invoked above most likely occurs near 500° C at 2-5 kb.

Other petrographic data that corroborate the approximate P-T 

relationships discussed above include the calcium content of plagioclase 

coexisting with hornblende or actinolite, respectively. Anorthite con

tents of plagioclase are unknown in samples 2 and 3 due to the fine grain 

size and lack of albite twins in plagioclase crystals. Sample l6 con

tains plagioclase of An20 composition (An20 = 20 percent pure end member 

anorthite component). All other samples contain plagioclase with anor

thite contents greater than 35 percent, ranging from A n ^  - A n ^ . Al

though composition of plagioclase is not a strict indicator of metamor- 

phic grade (Wenk and Keller 1969) the sudden change from An>^ to An^^ 

nearly coincides with the above pelitic rock reactions (Winkler 197*+» 

p. l6l). Hence, the 520° +.20° C, = 2-5 kb approximation for reaction 

(l) is realistic.

In summary, mafic rocks can be divided into two metamorphic 

facies or grades on the basis of reaction (l). Rocks containing the 

assemblage (C), Figure 20, are in the low to medium pressure, upper 

greenschist or lower amphibolite facies (Miyashiro 1973, p p . 296-305). 

Assemblage (C), Figure 20, is also diagnostic of the transition from low 

to medium grade metamorphism as defined by Winkler (l97*+» pp. 220-235) • 

Assemblage (A), Figure 20, is typical of lower-middle amphibolite facies 

of Miyashiro (1973, p. 302) or medium grade metamorphism of Winkler 

(l97*+» p. 231). Mineralogic changes attributed to reaction (l) include 

the transition from colorless actinolite to pleochroic blue-green
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hornblende, and the change of plagioclase composition from nearly pure 

albite (An,, to much more calcic plagioclase (Au^ q ).

Pelitic Rocks

Shales, siltstone, quartzites, and sandstones, with minor con

glomerate and slate unconformably overlie the volcanic rocks and are the 

main rock type in the eastern half of the mapped area (Figure 2). Origi

nal sedimentary textures such as cross-bedding and graded bedding persist 

locally, but regional foliation tends to obliterate fine detail of the 

nearly homogeneous pelites. Recrystallization to quartz-muscovite- 

biotite schists is common throughout the entire area with quartz- 

muscovite-biotite-garnet-staurolite schist and quartz-muscovite-biotite- 

garnet-andalusite-sillimanite schist typical of the southern outcrops.

Petrology. Phase petrology of pelitic rocks is shown in Table 6 

and reproduced on Figure 15, with brief mineralogic descriptions of 

major phases below.

Quartz is present in all samples as interstitial matrix material 

and subordinate pods. Anhedral, unstrained crystals are usually equant 

to slightly flattened in the plane of foliation.

Fine-grained, pale green to colorless muscovite crystals define 

a foliation in all pelitic rocks. Grain size of muscovite is always 

much less than associated biotite in the same rock.

Green-brown to red-brown biotite is also oriented in the plane of 

foliation. Biotite crystals are usually larger than muscovite crystals 

but do not approach the size of true porphyroblasts found in the schists.



Table 6. Phase petrology of politic and other sedimentary rocks, Mayer-Crown King area.

Phase Sample Number*_________________  unp. ____________ _____
6 10 11 12 18 19 24 26 41 142 43 M  45 46 4? 48 k9 52 63a** 63b 63c 63d 63e 63f 73

Quartz X X X X X X X X X X X X X X X X X X X X X X X X X
Muscovite X X X X X X X X X X X X X X X X X X
Biotite X X X X X X X X X X X X X X X X X
Chlorite X X X X X X X X X X X X X alt
Andalusite X X X
Sillimanite X
Staurolite X X X X X X X
Garnet X X X X X X X X X X X X
Plagioclase X X X X Ito X X X X Ito 40 X
Sphene X
Apatite X X X X X X X X
Tourmaline X X X X X X
Opaques X X X X X X X X X X X X X X
Zircon X X X X
Calcite X X
Actinolite X X X X
Epidote X X

* Note:
X = major phase 
x = minor phase

40 = anorthite content of plagioclase 
alt = alteration phase

** 63a-63f are different stable assemblages in sample #63.
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Pleochroic green to pale green chlorite occurs in the plane of 

foliation in low grade schists. In higher grade pelites the chlorite is 

present as ragged borders on garnet, as alteration of hiotite, and as 

porphyroblasts that cross-cut regional foliation.

Idioblastic, 0.5-1.0 millimeter (mm) diameter, unaltered pale 

pink to red garnet porphyroblasts are common in the medium-grade schists 

of the southern mapped area. The lack of deformed garnets indicates 

that crystallization outlasted deformation that formed regional folia

tion.

Equant, subidioblastic, zoned, 0.4-2.0 mm deformed andalusite 

porphyroblasts with much included carbonaceous material and quartz occur 

in the medium grade pelitic schists. Most andalusite crystals are 

rimmed by muscovite with complete replacement by muscovite occurring in 

a zone around the quartz monzonite batholith.

Pleochroic yellow, idioblastic, 1.5-10.0 mm, undeformed stauro- 

lite porphyroblasts, variably altered to muscovite, are common in the 

southern pelitic schists.

Fine-grained, prismatic sillimanite crystals replacing andalusite 

porphyroblasts (Figure 21) are restricted to a 200 meter wide zone ad

jacent to the quartz monzonite batholith.

Subhedral, twinned and untwinned plagioclase (An^ ^q ) occurs 

as fine-grained crystals in the matrix of most schists. As grade in

creases the anorthite content increases and albite twinning becomes 

more widespread in plagioclase.



Figure 21. Photomicrograph of sillimanite replacing andalusite. —
A. Plane light. 3. Prismatic sillimanite, lepidoblastic 
biotite, porphyroblastic andalusite, and anhedral quartz. 
Scale as shown. Crossed nicols. Sample Ag.
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Trace minerals sphene, apatite, tourmaline, zircon, magnetite, 

and ilmenite complement the pelitic mineralogy.

Graphical Representation. The Thompson (1957) projection may be 

used to represent the paragenesis of iron-magnesium silicates and 

alumino-silicates of pelitic rocks. For a detailed discussion of the 

theory and construction of the Thompson projection refer to Miyashiro 

(1973, pp. 130-134), Winkler (1974, pp. 47-52), or Thompson (1957). As 

a triangular plot of mineral parageneses the Thompson projection tie 

lines imply the same chemical relations as do the ACF tie lines. That 

is, a maximum of three phases (not including quartz and muscovite) are 

permitted at equilibrium with two degrees of freedom (T, P variable) for 

a system containing the three components FeOy MgO, and Al^O^. Sim- 

plistically, more than three determining phases present in one rock 

indicates a chemical reaction taking place.

Figure 22 indicates the paragenesis of pelitic rocks in the 

study area. Four equilibrium assemblages are shown, (A), (B), (c ), and 

(D), the assemblages separated by the univariant reactions (2) and (3) 

and (4). Reaction (2), quartz + muscovite + chlorite == garnet + 

biotite + HgO, has been proposed by Thompson and Norton (1968) as the 

most common mechanism of garnet (almandine) formation in low-grade 

pelites. Petrographic control is inadequate to substantiate or refute 

the proposed reaction above, but widespread textural evidence support

ing reaction (2 ) leads the author to invoke it in formation of almandine 

garnet in the study area (Winkler 1974, p. 210). Although the formation 

of garnet is highly dependent on oxygen fugacity (Hsu 1968) given the



+ qtz
rouse

Increasing grade
Probable reaction between (A) and (B)
qtz + m n +  chi === gar + b t +  H^O (2)

P-T conditions of reaction (2) are h60-liQ0° C, ?t » 2-5 kb, fOg * •average* (Thompson and Norton 1968)

Probable reaction between (B) and (C) 
gar + chi ms =»= et qtz + HgO 

or
chi + mg =»= s t + b t +  qtz + HgO (3)

P-T conditions of reaction (3) are 5*»0 15° C, ^  q  ̂^  (Hoschek 1969)

565 > 15° C, Pt = PH Q - 7 kb

Figure 22. Thompson projections of mineral assemblages, pelitic rocks. —  
Abbreviations as in Table 1.
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and

Reaction taking place in (p) 
and === sill

P-T conditions of reaction (h) are highly variable but are - 650-680° C, P » 3-^ kb (Ganguly 1972)

8

Figure 22.— Continued



"normal" range of oxygen fugacity in regional metamorphic terranes at 

low to medium temperatures (Ganguly 1972, Winkler 197^, PP* 21-24) the 
approximate P-T conditions of reaction (2) can he stated as follows: 
460-480° C at P = 2-5 kh (Winkler 1974, p. 232).

Breaking of the garnet-chlorite tie line in assemblage (B) via 

the simplified reaction garnet + chlorite == staurolite + biotite to 

create assemblage (c) may be accomplished by reaction (3): chlorite + 
muscovite == staurolite + biotite + quartz + H^O which has been investi

gated by Hoschek (1969). Hoschek's data are summarized by Winkler 

(1974, pp. 7 6, 199, 213) and place reaction (3) at 520-540° C, P^ =

Py g = 3-6 kb. Ganguly (1972, p. 360) agrees with this data in view 

of the oxygen fugacity control of staurolite stability. Textural recog

nition of this and other prograde reactions are largely obliterated by 

the later retrograde metamorphism of pelites. This retrograde metamor-. 

phism will be discussed in a later section.

Thin section control is inadequate to precisely place these uni

variant reactions on a map coordinate system. However, the approximate 

location of reactions (l), (2), and (3) are shown on Figure 15. Note 

that these approximate reaction placements are not "isograds" or "first 

mineral occurrences" as have been used by various previous authors. 

Rather, the discontinuous reactions are directly related to specific 

pressure-temperature data.

Assemblage (c) also contains the association andalusite- 
staurolite-biotite (sample 47). Textural evidence is lacking to prove 

which phases have reacted to produce andalusite, but Miyashiro (1973,
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p. 223) suggests that some combination of chlorite + muscovite + 

quartz + staurolite == andalusite + biotite + HgO. Pressure-temperature 

data are lacking for this equation.

The partial conversion of andalusite to sillimanite in reaction 

(4) indicates that P-T conditions of 3-5 kb, 640-680° C were reached 

adjacent to the quartz monzonite batholith (Ganguly 1972, p. 342; Hess 

1969, p. 197)• The sillimanite-bearing zone seldom exceeds 300 m width 

adjacent to the intrusive contact, indicating that the contact tempera

ture must not have exceeded 720 + 20° C. Using Jaeger's (1957) heat 

flow modeling and estimating the confining pressure by the metamorphic 

assemblage to have been 3-5 kb, a granitic-syenitic magma would achieve 

wall rock temperatures as suggested above (Winkler 1974, p. 99). The 

predicted and observed batholith compositions are in good agreement 

based on the above data.

The prograde metamorphic assemblage in pelitic rocks (and hence 

all assemblages of the area) is indicative of a regional metamorphism at 

low to moderate total pressure and intermediate temperatures. The actual 

limiting P-T conditions are shown in Figure 23. The coexistence of 

staurolite-andalusite-quartz necessitates a P-T path through the shaded 

region of Figure 23. Lack of the assemblage cordierite-andalusite- 

biotite or cordierite-andalusite-chlorite probably indicates the P-T 

path passes above the invariant point (G,H). Placet (1968, p. 9 8) 

indicates that staurolite is not found within 250 m of the intrusive 

contact; if so the high temperature stability limit of staurolite may 

have been exceeded as shown in Figure 23. The lack of cordierite-bearing



P- T path during metamorphism 

Andalusite stability field

Slourolite + quartz 
stability field

Sources of data 
Miyashiro (1973, p. 8l,

Figure 3-9)
Hess (1969, p. 197, Figure 3) 
Ganguly (1972, p. 342, Figure 3 
and p. 356, Figure 9)

Figure 23. Petrogenetic grid, pelitic rock assemblages. —  
Approximate P-T path during metamorphism shown.
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assemblages is apparently a function of bulk composition (relatively 

iron-rich) and confining pressures greater than 3-5 kb but less than 

4.5 kb.

The P-T placement in Figure 23 most closely corresponds to a 

"Buchan" type regional metamorphism (Miyashiro 1973, p. 185) character

ized by a steep temperature gradient (- 45° C/km). Mineral associa

tions indicative of this intermediate pressure metamorphism include 

staurolite-andalusite, with the notable lack of staurolite-cordierite.

The metamorphic localities that closely approximate the study area are 

the Errol quadrangle, Maine (Green 1963), a region of Paleozoic metamor

phism, and the northern Michigan region (James 1955) characterized by 

Precambrian thermal domes.

Retrograde effects are profound in the pelitic rocks in a zone 

4(30 m to 1900 m wide surrounding the northern intrusive contact. This 

zone is shown schematically by the shaded region in Figure 15. The 

most common reactions in the retrograde zone include nearly complete . 

replacement of staurolite porphyroblasts by fine-grained muscovite; 

replacement of andalusite porphyroblasts by muscovite; ragged, imper

fect chloritic alteration of biotite; and formation of biotite porphyro

blasts and chlorite aggregates that cross-cut original foliation 

(Figure 24). Retrograde reactions are shown schematically in Figure 25.

Theoretically reaction (5), Figure 25, is the reverse of reaction 

(3), Figure 21. However, because the prograde reaction involves de

hydration, the simple reversibility of the process is doubtful. Com

plete reversibility of the proposed reaction implies that water lost
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F ig u r e  2k. Photomicrograph of retrograde alteration of pelites. —  
Ragged chlorite and porphyroblastic biotite forming as 
retrograde products from staurolite destruction. Prophyro- 
blastic, yellow staurolite; idioblastic, porphyroblastic 
garnet; green, ragged, xenoblastic chlorite; porphyroblastic, 
green-brown biotite; clear, prismatic muscovite; and clear, 
xenoblastic quartz. Scale as shown. Plane light.
Sample #26.



+ qtz

Decreasing grade

Reaction between assemblages (A) and (B). bulk compos1tIon (l)

quartz f staurollte + blotlte^ «=== muscovite + blotite^ chlorite (5)

Reaction between assemblages (A) and (f*)» bulk composition (2)
andalunite + relict blotlte + carbonaceous material ==® muscovite + chlorite (6)

Figure 25. Retrograde reactions in politic rocks, study area. —  Dashed tie lines indicate 
metastability and probable chemical reactions. Assemblages (B) and (C) are 
most common in the field and are the result of partial retrograde metamorphism 
of assemblage (A).
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through dehydration is retained in the pore space of the rock as a 

separate phase instead of being "expelled" from the rock. If water is 

truly driven off to the Earth's surface or some other unknown region 

during prograde metamorphism then some other water source must be pres

ent to cause the retrograde metamorphism noted in reactions (5) and 

(6)i Figure 25. To the best of the author's knowledge no firm thermo

dynamic statement regarding the "residency" of water during prograde 

metamorphism has been made. However, the true "expulsion" of water from 

the rock appears to more reasonably explain the lack of retrograde meta

morphism in blueschist and high temperature-high pressure metamorphic 

terrenes that have risen many kilometers through the crust after their 

prograde reactions have ceased (Ernst 1970). If water were present as 

intergranular fluid during this ascent through the crust retrograde 

reactions would be expected as temperature and pressure decreased but 

the activity of water remained the same or increased.

Retrograde reactions (5) and (6) have taken place in the pelitic 

rocks adjacent to the quartz monzonite batholith. Where did the water 

come from? Too much past geologic work has invoked intrusive complexes 

as the source of water, ore fluids, heat, and generally all the geo

logic ramifications of an area. Unless water was trapped as a stable 

phase in intergranular pores during prograde metamorphism or was intro

duced by some unknown process, water-rich fluids genetically related to 

the batholith appear to be the answer. Retrograde minerals, especially 

biotite and chlorite, cut across regional foliation, indicating their 

post-kinematic crystallization. Late, undeformed pegmatite dikes cut
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the pelites along the northern intrusive contact, and may have been the 

source of sufficient water to promote retrogression. It is notable 

that the pegmatites are very micaceous and tourmaline-rich, indicating 

a substantial vapor phase.

In summary, the pelitic assemblages record an intermediate pres

sure "Buchan” type regional metamorphism with temperature and pressure 

ranges 400-700° C, 2.5-4.0 kb, respectively. Regional metamorphism is 

enhanced by batholithic intrusions in the southern portion of the area. 

Pronounced retrograde metamorphism peripheral to the northern intrusive 

contact is most probably the result of hydration by water-rich vapor 

phase associated with late pegmatitic dikes.

Calcareous Mafic Tuff

Few relict textures remain in the calcareous mafic tuff (calc- 

silicate) , mainly vesicular pillows in thin-bedded basalts and andesites 

and very thin laminations of alternating calcic layers in the groundmass. 

Schistose textures are defined by idioblastic, oriented hornblende, 

xenoblastic diopside, garnet, and plagioclase, and interstitial quartz 

with minor accessory minerals as shown in Figures 26 and 27.

Petrology. Plase petrology of calc-silicate rocks is shown in 

Table 7 and reproduced in Figure 15. Major mineralogic descriptions 

occur below.

Hornblende is pleochroic dark green-light brown, with occasional 

blue-green pleochroism. Crystals are idioblastic and are highly oriented 

in foliation planes, the C-axis of prisms plunging steeply in the plane
of foliation.



Figure 26. Photomicrograph of calcareous mafic tuff. —  Subiodioblastic, 
tan garnet, idioblastic, green diopside, colorless plagio- 
clase, and xenoblastic quartz. Scale as shown. Plane 
light. Sample #72.

Figure 27. Photomicrograph of hornblende-bearing calcareous mafic tuff.
—  Colorless, highly twinned plagioclase, brown hornblende, 
highly hirefringent diopside, and anhedral quartz. Scale 
as shown. Crossed nicols. Sample #70.
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Table 7- Phase petrology of calcareous mafic tuff and selected other 
calc-silicate rocks, Mayer-Crown King area.

Sample Number*rnase 27 55 66a 66b 67 68 69 70

Diopside X X X X X X

Hornblende X X X X

Epidote X X

Plagioclase X 16 25 50 66 X X 30

Garnet X X X X

Quartz X X X X X X ? X

Muscovite X

Chlorite X X

Sphene X X X X X X

Opaques X X X

Apatite
•

X

* Note:
X = major phase 
x = minor phase

15 = anorthite content of plagioclase 
? = questionable occurrence of phase.



Diopside occurs as equant, stubby, xenoblastic, fine-grained 

aggregates of pale green-yellow green pleochroic crystals. Optical 

criteria denoting diopside include the biaxial positive nature, 2V = 

60-70°, and the approximate 30° inclined extinction.

Xeno-idioblastic, highly twinned plagioclase (Ah ^q^ q ) is present 

in the groundmass of all calc-silicates, ranging from 10-40 volume per

cent.

Pleochroic light tan-light brown, idioblastic garnet of probable 

grossularite-andradite composition is present in two assemblages. Garnet 

occurs as disseminated mats and aggregates rather than as porphyroblasts.

Xenoblastic, interstitial quartz is common to all parageneses as 

are accessory sphene (sometimes 1-3 volume percent), magnetite, and 

apatite.
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Graphical Rrepresentation. Two stable quartz-bearing assemblages, 

hornblende-diopside-plagioclase _+ accessories, and diopside-plagioclase- 

garnet +_accessories are present in the calcareous mafic tuff. These 

assemblages are shown in Figure 28. No discontinuous reactions are 

petrographically observed, and no exact phase compositions have been 

noted in the calc-silicates. Placement in P-T space is therefore diffi

cult. However, the dark green-brown pleochroism of hornblende, the 

intermediate anorthite content of plagioclase, and the lack of any 

carbonate phases indicate amphibolite facies metamorphism. The appear

ance of diopside in both carbonate-free assemblages indicates that 

tremolite + calcite + quartz may have reacted to form diopside + HgO 

+ COg (Miyashiro 1973, p. 260). The P-T position of the above reaction
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Wo discontinuous reactions are observable In the calc-811icates.

Figure 28. ACF projection for calcareous mafic tuff (calc-silicates).
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(tremolite + calcite + quartz == diopside + H^O + COg) is highly de

pendent on mole fraction COg, hut for intermediate COg mole fractions of 

0.8-0.2 the P-T coordinates are 550 4̂  25° C at 2 kb, and 650 +_ 15° C at 

5 kb (Winkler 197^» p. 121). Petrographic evidence is lacking to cor

roborate the above reaction, but the association of the diopside-bearing 

calcareous mafic tuff with upper amphibolite facies gabbro at Towers 

Mountain and staurolite-bearing pelites one mile northeast of Crown King 

indicates the calc-silicates are stable in the amphibolite-upper amphib

olite facies (temperatures of 5^0-640° C at P^ = 2-5 kb). Miyashiro 

(1973, p. 260) notes that " . . .  in calcareous metasediments and meta- 

basites diopside begins to occur at the threshold or near the middle of 

the amphibolite facies." The two mineral parageneses of the calcareous 

mafic tuff are therefore indicative of lower to middle amphibolite facies 

metamorphism.

Limestones

Petrographic data concerning limestones is limited. The most 

common parageneses noted are quartz-calcite-muscovite-epidote-plagioclase 

and quartz-calcite-tremolite-plagioclase. Limestones have been metamor

phosed to medium-grained, equigranular hornfels and marbles.

Felsic Rocks

Felsic rocks of rhyolite-latite composition occur throughout the 

study area. Relict textures indicate that the felsic rocks are volcani

cally derived quartz-crystal tuffs, rhyolite breccias, latite agglomer

ates, and fragmental tuffs. Igneous textures observed in the field
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include flow "banding, and phenocrysts and xenocrysts of albite and 

quartz. Figure 29 illustrates albite phenocrysts in a rhyolite or rhyo

lite tuff. Regardless of their volcanic history all felsic rocks ex

hibit identical phase petrology: quartz-muscovite-albite-chlorite- 

biotite-opaques as shown in Table 8.

Petrology. Brief descriptions of major minerals in the felsic 

rocks follow.

Quartz is present as both groundmass and phenocryst phases. 

Groundmass quartz is anhedral, seriate, fine-grained, and accounts for 

70 volume percent of the total phases. Phenocryst or xenocryst quartz 

is subhedral, angular, strained, medium-grained, and commonly represents 

ten percent or less of the total phases.

Muscovite occurs only as a groundmass phase, the platey mineral 

defining the foliation of the rock. Sub-idioblastic mica ranges from 

10-20 volume percent in most rhyolites.

Phenocrysts or crystal shards of plagioclase occur in most 

rhyolites. Subhedral-euhedral, 1-5 mm, twinned and zones albite 

(An^ crystals are noteably free of such alteration and low grade 

metamorphic minerals as epidote, clinozoisite, and clays.

Chlorite and biotite, when present, occur in the groundmass and 

are sub-parallel to muscovite orientation. Chlorite is colorless to 

pale gray-green, and biotite is pleochroic pale brown to brown-green.

Felsic metamorphic rocks commonly do not exhibit parageneses that 

limit pressure and temperature of formation. The"rhyolites of this study 

are not an exception. Neither Thompson nor ACF projections portray the
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Figure 29. Photomicrograph of metaigneous texture, rhyolite. —  Coarse
grained, gray phenocrysts of alhite in a groundmass of 
medium-grained, colorless quartz and quartz plus muscovite. 
Scale as shown. Plane light. Sample #17.
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Table 8. Phase petrology of felsic rocks, Mayer-Grown King area.

Phase Sample Number*
4 5 15 17 35 51

Quartz X X X X X X

Muscovite X X X X X X

Biotite X X X

Chlorite X X X X X

Plagioclase X 6 10 10

Opaques X X X X X

Zircon X

* Note:
X = major phase 
x = minor phase

10 = Anorthite content of plagioclase.
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mineral associations. Therefore, only a small note concerning metamor- 

phic grade will he made here. The lack of clinozoisite-epidote in the 

assemblages, especially as alteration products of the albite may reflect 

pressure-temperature conditions exceeding the epidote group. More logi

cally, however, the low calcium content of albite was inappropriate for 

epidote formation. Any original potassium feldspar present has reacted 

to form muscovite; the actual P-T conditions of such reaction are un

known to tie author. In summary, rhyolitic rocks are evidently stable 

within the low to intermediate amphibolite facies defined by diagnostic 

mineral assemblages of adjacent rock types.

Hydrothermally (?) Altered Rocks

Intermediate to felsic volcanic rocks near the DeSoto and Blue

bell Mines have been intensely altered to quartz-chlorite-pyrite-calcite- 

muscovite-biotite-tremolite schists. Detailed petrology is tabulated in 

Table 9• Bulk composition of such rocks is poorly suited to graphical 

representation, and because the matrix contains greater than 30 percent 

opaque minerals the petrology will be discussed in the "Economic 

Geology" section.

Summary
Pelitic, mafic, and calc-silicate rocks have been metamorphosed 

to quartz-muscovite schists, amphibolites, and diopsidic schists, 

respectively. For a complete listing of metamorphic assemblages refer 

to Table 2. Equilibrium assemblages in differing bulk compositions 

indicate that the metamorphism was an intermediate pressure "Buchan"
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Table 9- Phase petrology of hydrothermally (?) altered rocks, 
DeSoto Mine.

Sample Number*rnase 28 30 31 32 33 34 36 37 38

Quartz X X X X X X X X

Biotite X X X

Muscovite X X X X X

Chlorite X X X X X X X

Tremolite X X X

Actinolite X

Epidote X

Calcite X X X X X X X X

Pyrite X X X X X X X X X

Sphalerite X X X X X X

Apatite X X

Tourmaline X

* Note:
X = major phase 
x = minor phase
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type, with pressure and temperature ranges 2-4 kb, 400-700° C. Increas

ing grade southward was largely a factor of batholithic intrusions of 

intermediate composition. Retrograde alteration of.the middle amphi

bolite facies pelite assemblages in a zone surrounding the northern 

contact of the quartz monzonite batholith was probably facilitated by 

an increased water content of the country rock during late cooling of 

the batholith. Water for such retrograde metamorphism may have been re

lated to late pegmatitic dikes which cross-cut the batholith and politic 

rocks.

Regional metamorphism was a single, well-defined event. No 

petrographic evidence of replaced pseudomorphs, relict porphyroblasts, 

or cross-cutting mineral orientations was noted except in the retrograde 

zone. Prograde assemblages at present reflect one moderately intense 

metamorphic recrystallization throughout the area. Prograde metamorphism 

occurred prior to and during the initial intrusion of the quartz monzo

nite batholith. Retrograde metamorphism was related to late-stage pegma

tite intrusions which cross-cut batholith and country rocks.

No regional metamorphic affects are noted as a result of 

Cretaceous-Tertiary plutonism in the area. On the contrary, only ex

tremely thin (1-5 m) contact zones surrounding the Laramide (?) stocks

are noted.



STRUCTURAL GEOLOGY

The study area is located within the "central Arizona volcanic 

belt," a term used by many authors (Wilson 1939» Anderson et al. 1971)- 

to describe the large areal outcrop of Precambrian metavolcanic rocks in 

the central part of Arizona. Although "belt" implies narrow linearity, 

the volcanic rock outcrop is more rectangular, its long dimension paral

leling regional foliation. The physiographic and geologic limits of the 

volcanic terrane are likewise poorly defined and understood at present 

owing to incomplete geologic work, fragmentation of metamorphic terranes 

by large batholiths, and cover by younger rocks. Until the stratigraphy 

and structure of the volcanic terranes are more accurately known through 

detailed work the application of the term "volcanic belt" can only prove 

to be more misleading. Further data and speculation regarding the 

regional structural setting will appear in the "Discussion" section.

Structural Features

All structural data will be recorded in standard azimuth format. 

Degree readings will increase clockwise, starting at north. Thus 075° 

is N. 75° E. Planar orientations contain a directional indicator after 

the dip value: 020°, 65° W. Linear orientations contain no directional 

indicator: 0U5°, 70°; the plunge direction is always in the indicated 

azimuth direction.

82
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Foliation

The most obvious structural element of all rocks is their steep

ly inclined, northeast-trending (020°-035°, 65-80° W) foliation (S^). 

Subparallel alignment of mineral grains, especially phyllosilicates, 

define the foliation in schistose rocks. In more massive amphibolites 

foliation is reflected by the crude preferred orientation of quartz and 

amphibole crystals. Massive chert horizons and banded iron formations 

often lack a well-defined mineral foliation. Incipient fractures in 

massive rocks subparallel to foliation may represent cleavage planes; 

hence foliation is enhanced in these massive rocks by the creation of 

"fracture cleavage" (Whitten 1966, p. 216). Foliation cuts conspicuously 

across stratigraphy as shown in Figure 2, and is subparallel to major 

fold limbs. As will be shown later the regional foliation is indeed an 

axial plane foliation. The foliation orientation is shown diagrammati- 

cally in Figure 30.

Foliation (S^) has been imparted to the granodiorite intrusive 

(Brady Butte granodiorite, Blacet 1968) in the western portion of the 

area. Although the strike of Brady Butte granodiorite foliation is 

parallel to regional foliation, the westerly dip is 30°-50° less than 

regional foliation dip (030°, 75° W as opposed to 030°, 30-40° W). 

Granodiorite foliation is also portrayed in Figure 30. Flattened quartz 

phenocrysts and trails of streaked and flattened feldspar and biotite 

crystals define the foliation. Foliation is imperfectly developed in 

the eastern half of the granodiorite but increases in intensity toward 

the western contact where granodiorite attains a gneissic texture.
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e Poles to regional foliation (Sj_) 45 pts.
o Poles to granodiorite regional foliation l4 pts.
# Lineation (L^) orientation 18 pts.
a Massive sulfide lineation orientations (L^) l4 pts.
4- Stretched pebble lineation (L^) 23 pts.
V Poles to axial planes of (F^) folds 19 pts.
o Plunge of (F1 ) folds 16 pts.
6
-->

Lineation (Lg) orientation and.variance 
Rotation caused by Crazy Basin batholith

10 pts.

N

Rotation by 
botholith

Rotation by 
botholith ,

Figure 30. Lower hemisphere, equal area stereonet projection of
structural data, study area. —  Data is semi-quantitative 
as shown by the averaging of data points in the explanation 
above.
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Contained in the foliation plane is a nearly flat, north-plunging linea- 

tion (300°, 20°) defined hy elongated mafic inclusions as shown in 

Figure 31. More concerning this lineation will be found in the succeed

ing "Lineation" section. In summary the foliation in granodiorite has 

the same trend but flatter dip than the regional foliation. The rela

tionships between the two foliations will be discussed later.

Boudinage

Boudinage is especially well developed in mafic volcanic flows 

containing limestone interbeds. Mafic lenses and sills tend to thin 

and split apart, "floating" in an enclosing rind of limestone and inter

mediate volcanic detritus as shown in Figure 32. Boudinage is most 

common near fold noses and on adjacent fold limbs. Although not sta

tistically proven by the author there is a tendency for the separate 

"boudins" to be oriented with their long axis (separation or flow axis, 

Figure 32) subparallel to lineation (L^). As with elongate clasts the 

intermediate axis of boudins is contained within the plane of foliation 

and the minor axis is perpendicular to foliation. No detailed boudin 

orientations were measured or recorded.

Transposition

Transposition structures (Whitten 1966, p. 181) are common 

throughout the isoclinally folded terrane. Pelitic rocks commonly con

tain "pseudo bedding" parallel to foliation, a result of metamorphic 

recrystallization along thinly-spaced slip planes. Chert lenses and 

thin-banded iron formations often appear as disharmonic folded boudins
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Figure 31. Regional foliation and lineation in granodiorite, southern 
mapped area. —  View east at the confluence of Pine and 
Minnehaha Creeks, Minnehaha 7 V  quadrangle. Eolation is 
rather flat-lying and dips toward the reader. Lineation 
is defined by elongated mafic inclusions plunging north 
(left).



Figure 32. Boudinage in mafic agglomerate. —  View south, parallel to 
regional foliation. Located in Turkey Creek. Dark 
boudins are basalt in fine-grained andesite tuff and lime
stone (cream colored lenses and thin layers). Pencil is 
17 cm long.
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"floating" in a sea of mafic material as shown in the agglomerate unit, 

Figure 2. Actually these disharmonic fold structures are isolated fold 

noses or rootless folds (Whitten 1966, p. 199) resulting from transpo

sition during isoclinal folding. Mafic rocks that do not contain inter

beds of differing compositions appear, at first glance, to be a strati

fied, intertonguing "flood" of basalt. The stratified nature of the 

mafic rocks is due to transposition and flow in the plane of foliation.

Lineation
A conspicuous high-angle lineation (L^) is present in all but 

the most massive metamorphic rocks. Parallel alignment of hornblende 

and actinolite needles, platey, rod-shaped aggregates of biotite, and 

crushed and smeared trains.of quartz and biotite define the mineral linea- 

tions. Other structural lineations are caused by the elongation of 

quartzite, limestone, and andesite clasts in the andesite agglomerate 

(Figure 2). Clasts in the agglomerate are commonly 15 cm x 2 cm x 

1.5 cm, occasionally ranging to 100 cm x 25 cm x 20 cm. Maximum elonga

tion ratios are from 1 0:2:1 to 5 :2 :1 , with the long dimension of the 

clast subparallel to regional lineation. Intermediate axes of clasts 

are parallel to foliation and the minor axes are perpendicular to 

foliation. Intersection of bedding (Sq ) and foliation (S^) defines yet 

another lineation. All lineations (L^) are formed in the plane of 

foliation, the plunge being nearly perpendicular to strike. Due to the 

high-angle regional foliation, lineation attains a nearly constant west 

to northwest plunge (270-290°, 50-75°). As foliation refracts adjacent 

to pebbles the subparallelism of pebble lineations and foliation surfaces
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is difficult to prove. However it is thought that the discrepancy does 

not exceed ten degrees. Partial statistical treatment of lineations is 

shown in Figure 30.

The most conspicuous structural lineation, visible only below 

ground, is the pipe-like shape of stratiform sulfide deposits at the 

Bluebell and DeSoto Mines. Long axes of the ore deposits occur in the 

plane of foliation and plunge steeply north to northwest (300°, 70°, to 

270°, 55°). Dimensions of the stopes are commonly 80 m x 25 m x 10 m 

such that their maximum elongation is 8:3:1. Ore deposit lineations 

are also plotted on Figure 30.

•Lineation (L^ ?) defined by elongation of mafic inclusions and 

streaking of quartz and feldspar grains in the granodiorite is contained 

in the plane of foliation and plunges gently north (300°, 20°).

Lineation in the overlying Texas Gulch Formation (Blacet 1968) is also 

relatively flat-lying, parallels the (B) axis of major folds, and plunges 

north (Figure 2). As the contact of Texas Gulch Formation and volcanics 

is reached in the western mapped area (T. 11 N., R. 1 W., and R. 1 E. 

along Turkey Creek), the low angle north-plunging lineation steepens and 

plunges south. This radical change in lineation orientation takes place 

within 500 m. Nowhere does the flat-lying lineation cut the steep linea

tion or vice versa. Rather one lineation appears to be refracted ap

proaching Brady Butte granodiorite and the mantling Texas Gulch formation.

Qualitatively only one period of lineation formation (L^) appears 

to have taken place in the thesis area. Regionally a steeply plunging 

(B) lineation was formed in rocks removed from the granodiorite
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intrusion. Adjacent to (within 800 m) and throughout the granodiorite 

a low angle, north-plunging (B) lineation was formed. The cause of 

this lineation refraction is probably the buttressing action of the 

granodiorite intrusive which was already intruded prior to regional de

formation (Anderson and Blacet 1972a). More speculation regarding the 

lineation refraction will appear in the "Discussion" section.

F, Folds —1------
Micro- meso- and megascopic folds (F^) are noted in all layered 

rock types, the greater number of folds occurring in more ductile rocks. 

Mesoscopic folds are most common; therefore, their characteristics will 

be elaborated. Flexural flow folds (Billings 195*0 are most common in 

medium bedded to massive chert lenses and banded iron formations. Lack 

of foliation cutting stratigraphy and the constancy of original strata 

thicknesses around fold noses define the flexural flow folds. Passive 

slip folding (Billings 195*0 is most prevalent in fine-grained, homogene

ous tuffaceous and politic horizons where transposition of bedding 

parallel to foliation is ubiquitous. Recrystallization of phyllosili- 

cates parallel to axial plane foliation and extreme variation in origi

nal strata thickness around fold noses are diagnostic of passive slip 

folding.

Folding styles in both flexural flow and passive slip folds are 

commonly isoclinal to tightly closed (Whitten 1966), with amplitudes 

1-20 m and wavelengths 0.5-5.0 m. Axial plane orientations are normally 

within 10° of regional foliation, 020°, 65° W as shown in Figure 30.

F^ folds plunge steeply southwest or northwest, 240°, 70° to 330°, 75°,
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normally within 10° of foliation. Lineation (L^) previously described 

is intensely developed near fold noses, the lineation subparallel to 

fold plunge. is therefore shown to be a beta (B) lineation associated 

with folds. Examples of mesoscopic folds are shown in Figure 33.

A notable exception to the regional, steeply plunging isoclinal 

fold pattern is folding in the Texas Gulch formation (Figure 2) near 

the Brady Butte granodiorite contact. Within 1000 m of the basal contact 

only flexural flow and passive slip folds with subvert!cal axial planes 

and low angle north-plunging (015-030°, 20°) axes are found. Best ex

posures of folds are found along Wolf Creek, 1 km north of Brady Butte. 

Folds are somewhat more open than the regional isoclinal folds, but 

locally near the basal contact extremely tight, upright isoclinal folds 

with low angle, north-plunging axes are common. (B) lineations previous

ly described are parallel to fold plunges. Everywhere along the eastern 

contact of Brady Butte granodiorite (Figure 2) low angle, northerly- 

plunging , closed to isoclinal folds characterize the Texas Gulch forma

tion. Nowhere in this north-plunging area are steeply-plunging fold 

attitudes found. The correlation of low angle, north-plunging (B) linea

tions and fold axes peripheral to Brady Butte granodiorite is striking.

Mechanisms to account for this slightly inclined fold attitude 

flanking a greatly elongate pluton such as Brady Butte (3.5 km wide x 

23 km long) include (l) "buttressing" by the igneous body of adjacent 

stratified rocks during regional deformation or (2 ) vertical movement of 

the granodiorite during deformation, the resulting vertical movement . 

cancelling any regional stress pattern imposed. Either (l) or (2)
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B.

Figure 33. Mesoscopic F]_ folds, Mayer-Crown King area. —  A. Folded 
rhyolite horizon in mafic volcanics. View on the "back" 
of a small adit, main haulage level, DeSoto Mine. Scale 
as shown. Fold plunges 210°, 68°. B . Small scale folding 
in slaty conglomerate unit of pelites. Pencil parallels 
axial plane foliation. Quartz-rich band in left half of 
picture is completely transposed along foliation in the 
middle of the figure, giving impression of two "floating" 
boudins of quartz.
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C.

Figure 33.— Continued. Mesoscopic folds, Mayer-Crovn King area. —
C. Isoclinal folding in iron formation. Cedar Creek, 1.5 kza 
north of the Bluebell Mine. View south, parallel to region
al foliation. Scale shown by hammer and pencils.



D.

Figure 33.— Continued. Mesoscopic F]_ folds, Mayer-Crovn King area. —  
D. Passive slip folding of limestone-siltstone sequence. 
View of fold nose vhere "bedding is perpendicular to folia
tion. Pencil aligned parallel to foliation. Limestone is 
resistant, white layer. Siltstone shown in darker shades 
of tan and gray.
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would result in a relatively constant maximum principal stress with 

variable minor and intermediate stresses adjacent to the intrusive. In 

effect, variable stress fields will be operative at different positions 

surrounding the intrusive. The granodiorite has effectively been a 

large tectonic inclusion that has altered the regional fold style ad

jacent to itself. Previous authors (Placet 1968, Plate IV) have recog

nized the different lineation and fold patterns peripheral to the Brady 

Butte granodiorite but have failed to recognize a variable stress field 

as having accomplished the fold pattern. More discussion of the problem 

will be found in the "Discussion" section.

Megascopic folds are well shown on Figure 2. Iron formations 

and chert horizons depict the regional, steeply-plunging isoclinal fold 

pattern of the thesis area. Dimensions of megscopic folds vary

from 1.0-6.0 km wavelength to 2.0-8.0 km amplitude in the mapped area. 

Undoubtedly these fold dimensions would be increased with further mapping.

F^ Folds

Meso- and megascopic F^ folds are very common near the quartz 

monzonite batholith, especially around the northern contact. Fg folds 

are formed dominantly in the pelitic rocks, with some Fg folds noted in 

the agglomerate unit (Figure 15). The surface folded by Fg is most 

commonly S^, regional foliation. As has been rotated by Fg (see 

Figure 30), has also changed orientation near the batholith. Fg has 

also imparted another lineation (Lg) on the pelites near the intrusive 

contact. This Lg is parallel to minor Fg fold axes, is subhorizontal, 

and is oriented nearly parallel to the igneous contact. Lg is obviously
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a (B) lineation formed during folding. Broad, open, flexural slip 

and flexural flow folds lacking an associated foliation (Sg) character

ize Fg. As Fg folds are spatially restricted to the edges of the hatho- 

lith, their formation appears to be genetically related to the intrusion.

Subhorizontal (B) lineations and concomitant minor fold axes 

that parallel the igneous contact are expected theoretically (Fletcher 

1972) and proven empirically (Eskola 1963) to result from vertical em

placement of plutons, batholiths, or gneiss domes that shoulder aside 

the country rock or "slough-off" their roof rocks radially. The quartz 

monzonite batholith has acted in such a fashion described above. The 

intrusive was localized along regional foliation planes in pelitic rocks 

and dilated the country rock in a northwest-southeast trend. During 

dilation and intrusion the overlying rocks were domed and probably moved 

"off" the batholith. Adjacent pelites were physically moved aside as 

the batholith expanded to its current 10-13 km wide outcrop. During 

intrusion the subhorizontal Fg folds with Lg lineations were formed.

F^ folds and lineations were also rotated near the northern intrusive 

contact (Figure 2, southeastern portion).

Previous authors, notably Blacet (1968), have devoted much study 

to the deflection of F^ by the batholith. For a complete kinematic 

study of second folding refer to Blacet (1 9 6 8, pp. 187-196). No further 

description of Fg folding will appear in this study.

Faults

Faulting is notably lacking in the study area. During regional 

metamorphism at high temperatures (U00-600° C) and reasonable confining
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pressures (3-6 kb) ductility of all rock types will be rather high, 

facilitating folding of rocks by passive slip and flexural flow rather 

than fracturing of rocks. Consequently the lack of brittle behavior 

such as faulting is well explained during regional deformation. Cer

tainly some small-scale high angle faulting may have been associated with 

waning stages of deformation as plasticity decreased, but no major Pre- 

cambrian faulting appears to complicate the structural picture.

Phanerozoic, or later Precambrian, faulting and shearing are 

well displayed near the agglomerate-pelite contact (Figure 2), 2.5 km 

south of the Bluebell Mine. A well-developed, 15 m wide fault zone 

characterized by iron-stained and carbonate-cemented angular gouge of 

politic rocks is mappable for 2 km, from the southern portion of section 

16 through the northern end of section 9. Offset on the fault zone is 

apparently 100 m or less normal displacement as evidenced by the 

agglomerate-pelite contact offset. Strike-slip component of offset may 

exist along the zone but cannot be proven. Farther north the fault zone 

widens to a 250 m shear zone mapped for 3.5 km along the pelite- 

agglomerate contact. Brecciation and recementation by carbonate char

acterize the highly sheared pelites in the fault zone. North of section 

2 (T. 11 N., R. 1 E.) the shear zone diminishes in width as only a 5-10 m 

sheared contact is present.

Origin of this fault zone is speculative. A major discontinuity 

or structural boundary may have resulted from the contact of mafic vol- 

canics with pelitic muds. Certainly the above two rock types respond 

differently to differential stress at elevated temperatures due to their
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original water content, strength, and anisotropies (Billings 195*0 • 

Therefore the regional unconformity at the base of the pelites would be 

a natural discontinuity or slip surface during deformation. Whether 

the faulting took place during waning stages of plastic deformation in 

the Precambrian or is a later phenomenon is questionable. The very fresh 

nature of fault gouge fragments, the narrow, well-defined limits of the 

southern portion of the fault zone, and the present-day geomorphic ex

pression of the fault zone (major northeast-trending dry wash) leads the 

author to believe the fault is post-regional deformation. What exact 

age is attributed to such brittle failure is a moot question at present.

Northwest-trending fault zones associated with Tertiary dikes 

are common in the study area. A most conspicuous northwest-trending 

fault is exposed 500 m north of the Bluebell Mine. The high angle, 

normal fault with approximately 200 m dip slip movement is characterized 

by a 15 m wide fault gouge zone completely recemented by massive iron- 

stained calcite. Such cross-cutting structural features are clearly 

Phanerozoic (probably Tertiary), and have affected Precambrian struc

tures to only a minor extent.

Summary

Salient geologic features of structural evolution are portrayed 

in Figure 34. Regional foliation (S^) and steeply plunging isoclinal 

folds (F^) with pervasive (b ) lineation (L^) were formed during one 

phase of regional deformation. No attempt has been made to apply 

classical structural geology kinematics to the solution of fold geom

etries. Reconstruction of maximum, minimum, and intermediate principle
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Figure 3^. Structural elements of regional deformation in study area.
—  Oblique isometric view of fold styles. Intensity and 
complexity of folds approximately that of the mapped 
terrane. Si = Foliation surface; Sq = Bedding surface;
L = Lineation; B = Beta axis of fold.
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stress orientations, and slip line directions (Whitten 1966) have not 

been attempted due to the passive slip nature of isoclinal folding and 

the lack of knowledge regarding bedding and fold orientations prior to 

regional deformation. The only.implication regarding stress reconstruc

tion that the author feels confident stating is that maximum compressive 

stress apparently was oriented northwest-southeast (perpendicular to 

foliation) during regional deformation and metamorphism.

Fold geometries and lineations in the Texas Gulch formation and 

underlying Brady Butte granodiorite that are up to 90° rotated from re

gional geometries (see fold geometry discussion section) are the result 

of principle stresses being refracted by the granodiorite intrusive dur

ing regional deformation, much as a large boudin refracts foliation and 

minor structures near its margins. Such variation in fold orientations 

as a function of rock type and included structures or buttresses has been 

discussed by various authors. Refer to Hansen (1971) or Ramsey (1967) 

for theoretical discussion of variance in stress/fold orientations and 

stress trajectories. This model of buttressing by Brady Butte granodio

rite negates previous authors' (Blacet 1968, p. 188; Anderson and Blacet 

1972a) theories of "piercement faults" flanking the intrusive and its 

cover rocks. Further discussion of the interpretation is deferred to the 

"Discussion" section of this paper.



ECONOMIC GEOLOGY

The Mayer-Crown King area is located in central Yavapai County, 

Arizona. From the early 1800's until the present day, Yavapai County 

has been a leading producer in base and precious metals in Arizona. 

Before the advent of large tonnage, low grade, open-pit copper mines in 

southern Arizona in the 1930's, Yavapai County was the leading producer 

of gold, silver, and copper in the state (Elsing and Heineman 1936). 

Important gold-producing regions were the stream placers of the central 

Bradshaw Mountains, particularly the Walker and Big Bug districts 

(Lindgren 1926). The overwhelming copper and silver producing district 

was the Verde, at Jerome, Arizona, which included the famous Jerome 

"massive" sulfide deposits (Lindgren 1926, Anderson and Creasey 1958, 

Anderson and Nash 1972). An estimated 96 percent of the mineral wealth 

in Yavapai County from 1880 to 1950 has come from the Verde district 

(Elsing,and Heineman 1936, Handverger 197*0 • Clearly the monetary value 

of deposits in the rest of Yavapai County appears trivial by comparison.

Slightly more than 100 million dollars of mineral wealth, 

principally copper, gold, and lead-zinc, have been recovered from the 

remaining four percent total production in Yavapai County. Principal 

deposits responsible for such production are mainly the stratiform, 

"massive" sulfide deposits of the Iron King near Humboldt, Arizona 

(Gilmour and Still 1968), the Bluebell Mine near Mayer and the DeSoto
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Mine near Cleator (this study), and a number of smaller deposits between 

Mayer and Humboldt, noteably the Durbin, Tri-Metals , Iron Queen, Hack- 

berry, Butternut, Pentland, Boggs, Pocahontas, and Stoddard (Lindgren 

1926), and the Binghampton-Copper Queen (Brook 197*0* Other major 

mineral production has come from Tertiary vein deposits such as the 

Crown King, Swastika, and Silver Belt (Lindgren 1926). The Mayer-Crown 

King area is replete with such vein deposits but they will not be con

sidered in the following discussion. Only the geology and ore deposits 

of the two stratiform, "massive" sulfide deposits, the Bluebell and 

DeSoto, will be discussed.

History

The DeSoto and Bluebell Mines possess similar geologic and 

historic backgrounds. Both mines were discovered by private individuals 

and recorded as patented claims near the turn of the 20th century 

(Table 10). Various mining companies owned the properties during their 

most productive years, 1910-1930. During the waning stages of produc

tivity the mining companies sold both properties to the current owner, 

Sherwood B. Owens, Tucson, Arizona. Underground mining of lensoid 

stopes was accomplished dominantly by human labor, mechanization not 

yet having been perfected. Only minor surface mining of high grade ore 

took place, mostly during the initial production years. The Bluebell 

and DeSoto were two of the major copper producers in the Big Bug mining 

district (Lindgren 1926) during 1900-1930. The nearby town of Mayer 

owes its existence to these and other nearby mines, being the smelter 

site used to process all copper ores of the district. Mining on a large



Table 10. Past and present ownership of the Bluebell and DeSoto mining properties.

Year DeSoto Mine Bluebell Mine
Previous Owner New Owner Previous Owner New Owner

1900 Patented claims by 
■ individuals

1903 Individuals Bradshaw Mountains 
Copper Mining and 
Smelting Company

Patented claims by 
Blue Bell Copper 
Company

1905 Bradshaw Mountains 
Copper Mining and 
Smelting Company

DeSoto Mining 
Company

1906 Blue Bell Copper 
Company

Consolidated Arizona 
Smelting

1910 DeSoto Mining 
Company

Consolidated 
Arizona Smelting

1920 Additional
patented claims, 
Consolidated 
Arizona Smelting

1923 Consolidated Arizona Smelting sells all property to Southwest Metals
1957 Southwest Metals sells all property to Sherwood B. Owens
1976 Sherwood B. Owens, present owner

103



scale ceased in the area in the early 1930's, the Bluebell producing 

only sporadic high grade, leached cooper during World War II. The 

DeSoto closed permanently in 1929 when its mill burned down •

(Cleator 1975)• Table 11.is a tabulation of production statistics . 

of the Bluebell" and DeSoto Mines as compared with other strati

form "massive" sulfide deposits of central Arizona.

Geology

Ore deposits at the Bluebell and DeSoto Mines occur in rhyolites 

at the contact of rhyolite and tuff-andesite, and to a minor extent in 

the andesites adjacent to that contact. Volumetrically, 70 percent of 

the ore deposits appear to be located at the rhyolite contact. Whether 

this contact is the top or bottom of the rhyolite is unproven due to ex

treme attenuation and deformation. Preliminary data suggest, however, 

that the ore deposits occur at the base of rhyolite at the DeSoto Mine 

(Figure 2). Exact stratigraphic positioning of the ore deposit at the 

Bluebell Mine is not possible, except to note that the western rhyolite- 

tuff contact is the mineralized one. It is important to note that both 

deposits do not occur at the same stratigraphic horizon. Rather, the 

Bluebell deposit stratigraphically underlies the younger DeSoto deposit 

based on the author's mapping and reconstruction.

The shape of stratiform "massive" sulfide deposits at the two 

localities is that of flattened, plunging, overlapping and en echelon 

lenses. Dimensions of individual "ore" lenses vary from 10 x 15 x 25 

meters to 18 x 30 x 75 meters. Long axes of ore shoots are aligned 

subparallel to regional beta (B) lineation (L^). (See Figure 30.)



Table 11. Arizona "massive" sulfide deposits in Precambrian rocks.*

District and Mines Years of 
Production

Tonnage
(tons) Grade Dollar Value of Ore 

when Produced

Jerome area 1900-1953 34,000,000 5.5 % Cu $650,000,000
United Verde and 1.68 oz/T. Ag
Verde Extension .045 oz/T. Au

Iron King 1906-1964 5 ,100,000 7.34% Zn 77,340,000
2.50% Pb
0.19% Cu
3.69 oz/T. Ag
0.123 oz/T. Au

Bagdad area 1943-1976 1,800,000 12.0 % Zn 66,000,000
Old Dick, Copper 
Queen, and Bruce

3.8 % Cu

Bluebell 1892-1926 1,000,000 3.0 % Cu 1 4 ,100,000
1.5 oz/T. Ag
.05 oz/T. Au

DeSoto 1890-1930 180,000 3.752 Cu 3 ,250,000
1.0 oz/T. Ag
.02 oz/T. Au

Antler 1943-1953 66,000 6.702 Zn 1,100,000
2.502 Cu

* Note: Production figures for most economic deposits in Arizona. Data from Anderson and . 
Creasey (1958) for Jerome; Gilmour and Still (1968) for the Iron King; Clayton and Baker 
(1968) and Clayton (1976) for the Bagdad area; Elsing and Heineman (1936) and Dunning (1959) 
for the Bluebell and DeSoto; and Moore (1969) for the Antler Mine. Most dollar values have 
been computed by the author using metal prices during production eras. 105
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Minor axes are perpendicular to regional foliation, while intermediate 

axes are roughly parallel to foliation. Six major en echelon lenses in 

a zone 70 meters wide and 520 meters long characterize the Bluebell 

deposit (Lindgren 1926, pp. 143-1^5), while a more tightly spaced 

cluster of four major lenses in a zone 70 meters wide and 100 meters 

long is present at the DeSoto deposit (Lindgren 1926, pp. 162-16U, and 

the author's mapping, 1975). Geologic evidence strongly suggest that 

the "massive" sulfide lenses owe their present geometry to regional de

formation previously discussed.

Mineralogically the sulfide deposits are dominated by pyrite with 

subordinate chalcopyrite, sphalerite, galena, arsenopyrite, sparse 

pyrrhotite, and minor tetrahedrite (Lindgren 1926, p. 32). Sulfide 

mineral ratios (pyrite:chalcopyrite:sphalertiesothers) in the two 

deposits range from 95:4:1:trace to U:95:l:trace. Most common ratios 

in "massive" ores are approximately 88:9:2:trace, with copper-rich ores 

whose ratios are 38:59:2:1 present but less common. Sulfide minerals 

constitute 15-80 percent total rock depending whether the ore is 

"stringer" or "massive" type. Gangue mineralogy is dominated by chlorite 

and quartz with subordinate carbonates, tremolite/actinolite, epidote, 

biotite, and muscovite (Lindgren 1926 and Table 9)• Percentages of 

respective gangue minerals vary considerably, chlorite ranging from 

10-80 percent, quartz from 10-30 percent, carbonates 15-80 percent, 

tremolite and actinolite 5-15 percent, biotite 0-5 percent, and muscovite 

0-5 percent. Although data are too incomplete to absolutely verify the 

suggestion, detailed mapping and petrography by the author of the DeSoto
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main haulage level suggest that gangue mineralogy varies with sulfide 

percentages. "Massive" ore containing 65-80 percent total sulfides 

commonly has only chlorite and quartz gangue. As sulfide content de

creases below 50 percent the carbonate and amphibole content of gangue 

increases. "Stringer" ore containing 15-35 percent sulfides, commonly 

has the greatest percentage of carbonate, amphibole, and biotite- 

muscovite. Chlorite content of "stringer" ore is commonly low.

Ore deposit mineralogy appears to be constant, irrespective of 

host rock type. In other words massive ore has the same sulfide and 

gangue mineralogy whether the deposit is localized in rhyolite, andesite, 

tuff, or at the contact of such rocks. Likewise stringer ore gangue 

mineralogy (knowledge of sulfide mineralogy is incomplete) is not af

fected by host rock type. "Stringer" and "massive" ore are spatially 

related to one another, however. At the DeSoto Mine "stringer" ore is 

usually peripheral to "massive" ore lenses. Note that data are poor 

owing to no drill core or production records, and that all ore lenses 

are now completely barren stopes. Therefore much of the above discus

sion is somewhat subjective, based on the author’s detailed underground 

mapping. The peripheral spatial relationship of ore types, gradation 

of sulfide and gangue mineralogy from "stringer" to "massive" ore, and 

the near constancy of ore-type petrology irrespective of host rock type 
indicates alteration .gf country rock during ore formation. Alteration 

included introduction of large quantitites of sulfur and iron (sulfide 

minerals), migration of iron, magnesium, quartz, and calcium (gangue 

minerals) and probable removal of potassium and sodium from felsic host
rocks.
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Texturally sulfide and silicate assemblages are typified by 

moderate to extreme banding, foliation, and shearing. Banding is re

flected by slight mineralogic variation of sulfide constituents in 

"massive" ore (Cleator 1975) although evidence of such is noteably lack

ing in underground exposures. More often alternating sulfide-silicate 

assemblages define such banding as shown in Figure 35. Fine-grained 

(0.8-1.4 mm) polygonal, sheared aggregates of subidioblastic to idio- 

blastic pyrite and subordinate fine-grained (0.2-0.5 mm), xenoblastic, 

ameboid, interstitial, vein-forming chalcopyrite and minor sphalerite 

occur as 1-2 mm thick bands between highly foliated, very fine-grained 

(0.1-0.4 mm) lepidoblastic chlorite with minor xenoblastic quartz. 

Foliation is reflected by subparallel alignment of fine/medium-grained 

(l-3 mm) idioblastic, prismatic tremolite/actinolite and fine-grained 

lepidoblastic, platey muscovite as shown in Figure 36. Previously de

scribed chlorite (Figure 35) also defines a dominant foliation. Banding 

and foliation in sulfide-silicate assemblages are parallel to regional 

foliation throughout the mapped portion of the DeSoto Mine. Lindgren 

(1926, p. 144) also notes the parallelism of banding and regional folia

tion in the two deposits. Shearing is most common along grain boundaries 

of idioblastic pyrite crystals in foliated samples. Chalcopyrite by com

parison appears to cut across pyrite aggregates as distinct fracture 

fillings and normally obtains xenoblastic, ameboid outline peripheral to 

and between pyrite cubes (Figure 37A). Sphalerite always occurs as 

rounded blebs in pyrite and as xenoblastic, fine-grained crystals 

peripheral to pyrite. In a most extraordinary textural example of
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Figure 35* Photomicrograph of "massive sulfide ore," DeSoto Mine.
—  Sheared, polygonal, opaque pyrite; clear, anhedral 
quartz; platey, pale green chlorite; highly hirefringent 
muscovite. Scale as shown. Crossed nicols. Sample #33.

Figure 36. Photomicrograph of "stringer ore," DeSoto Mine. —  Coarse
grained, birefringent tremolite; tan calcite; xenoblastic 
quartz; interstitial, opaque chalcopyrite. Scale as shown. 
Crossed nicols. Sample #36.
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sulfide-silicate intergrowth, fine-grained chalcopyrite occupies the 

lath-shaped position between two medium-grained (2-U nun) actinolite 

crystals in sample 36 (Figure 36). Chalcopyrite also occurs as thin, 

long blebs and lath-shaped crystals oriented parallel to actinolite 

cleavage as shown in Figure 3TB. Textures typical of sulfide-silicate 

mineralogies are summarized in Figure 37* Mesoscopic folds in banded 

sulfide-silicate assemblages are not obvious, and are probably due to 

lack of outcrop. Minor folds in rhyolite horizons spatially associated 

with ore deposits exist as shown in Figure 32A. Folds in the banded 

sulfide-silicate ore deposits most probably will be revealed by future 

mapping.

All data indicate that the two "massive" sulfide deposits were 

formed at or near rhyolite-andesite contacts by a mechanism capable of 

intense alteration of host rocks characterized by the chlorite-quartz- 

calcite-pyrite-chalcopyrite assemblage. Alteration and ore deposition 

occurred prior to regional metamorphism. Phase petrology and mineral 

textures indicate that chalcopyrite recrystallized during metamorphism 

as evidenced from its textural relations with gangue minerals (Figure 

36) and its cross-cutting nature and veining of pyrite (Figure 37A.). 

Pyrite was deformed and sheared during metamorphism but probably did 

not recrystallize. Fine grain size of sphalerite inhibits definite con

clusions regarding recrystallization. Sulfide and silicate assemblages 

indicate that equilibrium was approached or reached during regional 

metamorphism by application of phase rule and delineation of determin

ing components. Silicate assemblages (Table 9) are indicative of lower
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Figure 37. Photomicrographs of typical sulfide-silicate textures and 
mineralogies, DeSoto Mine. —  A. Chalcopyrite veining and 
rimming pyrite. Sample #33. B. Chalcopyrite as intersti
tial, lath-like crystals parallel to actinolite cleavage. 
Sample #3^. Scales as shown. Reflected light.
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--------------1 0.5mm

Figure 37.— Continued. Photomicrographs of typical sulfide-silicate 
textures and mineralogies, DeSoto Mine. —  C. High grade 
copper ore, DeSoto Mine. Chalcopyrite as interstitial, 
ameboid growths; pyrite occurs as euhedral coarse-grained 
cubes. Scale as shown. Reflected light. Sample #36.
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amphibolite facies metamorphism (Bachinski 1976; Koo and Mossman 1975; 

Franklin, Kasada and Paulsen 1975) of iron-copper stratiform ore de

posits. Agreement of regional metamorphic grade previously proven 

("Petrology" section, this paper) and gangue silicate assemblage at the 

DeSoto Mine further enhances the evidence for pre-metamorphic ore and 

alteration formation.

Geologic data favor the interpretation that the Bluebell and 

DeSoto deposits are spatially and genetically associated with sub

marine volcanism of basalt to rhyolite composition. The sulfide occur

rences are located at or near rhyolite-andesite contacts, are closely 

associated with chloritic alteration, and are stratiform in nature. The 

two deposits are stratigraphically beneath extensive oxide facies banded 

iron formation that occur as horizons between overlying andesites. 

Rhyolites spatially, and probably genetically, related to sulfide oc

currences are separate from and do not grade laterally into any facies 

of iron formation. Contacts of "massive" sulfide lenses with sulfide- 

poor wall rocks are unusually sharp, boundaries being only centimeters 

or millimeters wide. Sulfide-rich lenses commonly contain 40-70 percent 

total sulfides, dominantly pyrite and chalcopyrite. Silicate assemblages 

dominated by chlorite, quartz, and carbonate account for 30-60 percent 

of sulfide-rich lenses.

Similarities between the Bluebell-DeSoto deposits and "volcano- 

genic" massive sulfide deposits discussed by Sangster (1972) are over

whelming. Stanton's (1972) stratiform sulfide deposits of marine- 

volcanic association are the same class of ore deposit. The similarity
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of Stanton's and Gangster's ore deposit classifications to these two 

deposits leads the author to conclude that both "massive" sulfide de

posits were formed by submarine fumarolic activity genetically related 

to volcanoclastic rhyolites (Gangster 1972, p. 30). Deposition of ore 

was contemporaneous with volcanism and formation of chemically- 

precipitated sediments. Bluebell and DeSoto deposits owe their current 

mineralogies, textures, and forms to recrystallization at lower amphib

olite facies during regional metamorphism.



DISCUSSION

This section is devoted to discussion of geologic data and con

clusions drawn by the author from his work in the Mayer-Crown King area 

and surrounding region of the central Bradshaw Mountains during 1975- 

1976. As stated in the introductory portion of this paper, the thesis 

area has been studied by previous authors, notably Blacet (1968) and 

Anderson and Blacet (1972a). The conclusions of this study conflict 

with previous authors1 interpretations and published works. Therefore, 

it was deemed necessary by the author to discuss these differences of 

opinion as a portion of this work. Through the course of this discus

sion the reader will find it helpful to obtain a copy of the published 

geologic maps of the central Bradshaw Mountains which contain the 

Mayer-Crown King area. These geologic maps are authored by Anderson and 

Blacet (1972b, 1972c), and include geologic quadrangle series maps 996 

and 997 published by the United States Geological Survey. The discussion 

will follow the general order of the thesis concerning geologic data.

Precambrian Rocks

Metavolcanic rocks of basalt to rhyolite composition dominate 

the Mayer-Crown King area as shown by this study. Similarly, low-grade 

metavolcanic rocks are widespread throughout the central Bradshaw Moun

tains (Anderson and Blacet 1972a, p. l). Metasedimentary pelitic rocks 

constitute an important portion of the study area but are notably lacking

115



li6
from surrounding terranes in the Mayer-Mount Union 15* quadrangle areas. 

The author has shown the contact of volcanic and pelitic sedimentary 

rocks in the mapped area to represent a regional unconformity character

ized by termination of volcanism and deposition of shales and siltstones. 

Previous authors (Placet 1968, pp. 9 8 , 128) and Anderson (1972, pp. lU-l6) 

have not recognized this unconformity. As a result, they included the 

pelitic sedimentary rocks of this study as a member of a dominantly 

volcanic unit of the Spud Mountain Volcanics (Anderson et al. 1971, 

p . 7)• The Spud Mountain Volcanics have been mapped as occurring 

throughout the central Bradshaw Mountains (see Anderson and Blacet 1972b, 

1972c, geologic quadrangle GQ maps 996 and 997) • The author disagrees 

with this placement of the pelitic sequence as a member of the pre

dominantly volcanic formations and urges deletion of it from the Spud 

Mountain Volcanics. The pelitic rocks represent a quiescent depositional 

environment dramatically different from that of subaqueous volcanic 

rocks. The importance of this depositional change and regional uncon

formity must be emphasized.

Metavolcanic rocks in the study area are shown to be clearly 

divisible to mappable horizons whose folded geometry (Figure 2) indi

cates progressive age decrease and stratigraphic evolution from north 

to south. Stratigraphy clearly cross cuts regional foliation although 

being elongated parallel to its orientation (030°). Volcanic rocks in 

the Mayer-Grown King area evolved from older andesitic-basaltic flows 

to younger agglomerate, rhyolite, banded iron formation, basalt flows 

and calcareous mafic tuff (see explanation, Figure l). Blacet (1968,



117

p. 128) lumps all these volcanic rocks into the Iron King Volcanics 

(Anderson et al. 1971> p. 8), a formation assumed to he younger than the 

Spud Mountain Volcanics (Anderson and Blacet 1972a). Viewing the geo

logic data at hand the author takes exception to the designation of all 

volcanic rocks in the Mayer-Grown King area being placed in one geologic 

formation; the implication being that all rocks are roughly time and 

lithologic correlatives. Similarly field relations indicate that all 

volcanic rocks are older, not younger, than pelites in the study area. 

Based on stratigraphic evidence discussed and shown in Figure 2 the 

author proposes that the name Iron King Volcanics be discontinued as a 

formation name fqr all volcanic rocks in the study area. Also the name 

Spud Mountain Volcanics should not be used to describe the pelitic rocks 

of the mapped area. The connotation that the inappropriately used 

Iron King Volcanics are younger than the pelitic member of the Spud 

Mountain Volcanics has been proven to be geologically incorrect.

Division of the above two formations as shown in GQ 996 and 997 

is doubted for the following reasons. Detailed mapping by the author 

has shown (Figure 6, T. 12 N., R. 1 E., Sec. 13, cc, and Sec. 14, d) that 

iron formations (ferruginous chert horizons) two kilometers northeast 

of Mayer may be traced from the Iron King Volcanics into the Spud Mountain 

Volcanics. Comparison of GQ 996 and Figure 2 is recommended for .the 

interested reader. Furthermore the same discrepancy of Spud Mountain 

ferruginous chert grading (?) into Iron King ferruginous chert three 

kilometers south of Humboldt (GQ 996, T. 13 N., R. IE., Sec. 26, a, d)I
has been mapped by the author in unpublished data. Only detailed
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mapping will prove whether these discrepancies of geologic boundaries 

are truly important. From reconnaissance geologic mapping in the Mount 

Union and Mayer 15' quadrangles the author feels that these inconsisten

cies of formational assignment indicate the same reassessment of stratig

raphy shown by the author in the southern half of the two 1 5 * quadran

gles may be in order for the northern portion of the quadrangles.

Interpretation of the contact between Texas Gulch formation and 

volcanic rocks in the Mayer-Crown King area is more tenuous than the 

previously discussed problems. The author mapped in detail only ten 

kilometers of the contact but noted the following facts. Near Towers 

Mountain (Figure 2) Texas Gulch-equivalent rocks discordantly contact 

volcanic rocks with no obvious structural complication such as faulting 

or shearing. Eight kilometers west of the Bluebell Mine the contact is 

parallel to regional foliation for five kilometers but is isoclinally 

folded in the region near the corner of sections 29, 30, 31, and 32 (T. 

113% N., R. 1 E.)♦ No major shearing or faulting near the contact is 

noted. In order to enhance the geologic knowledge of the reader it is 

repeated that the Texas Gulch formation unconformably overlies the 

Brady Butte granodiorite. In turn the Brady Butte granodiorite intrudes 

volcanic rocks in the southern part of the Mount Union quadrangle. Both 

granodiorite and Texas Gulch formation are therefore younger than vol

canic rocks. An initial speculation would be that Texas Gulch forma

tion was deposited on top of the volcanic rocks, possibly in slight 

unconformable fashion. Evidence confirming this speculation is obtained 

from Figure 2. Iron formation mapped south of the DeSoto Mine that
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defines the megascopic overturned anticline trends toward the Texas Gulch 

formation in T. 11 N., R. 1 W., Sec. 13. Based on folding patterns 

and stratigraphy the iron formation must he cut off by Brady Butte 

granodiorite and overlain by Texas Gulch formation. Likewise nearly 

all volcanic horizons are apparently truncated (by projecting folding 

patterns less than 0.6 kilometers) by Texas Gulch formation. Iso

clinal folding has deformed the depositional contact but has not obliter

ated its identity.

Whether or not the above contact is unconformably depositional 

the important feature to note is its relatively well defined nature, its 

folded form, and lack of faulting. Blacet (1968, pp. 1^5, 188) curi

ously notes extreme deformation, shearing and retrograde metamorphism

along this contact indicative of a steeply-dipping normal "piercement"
)

fault with 8,500 meters vertical displacement. Such displacement in

ferences were no doubt influenced by the thought that Texas Gulch forma

tion was older than volcanic rocks (Blacet 1968, p. xi). Anderson and 

Blacet (1972a, p. 6 0), however, still state that the contact of Texas 

Gulch and volcanic rocks is a normal fault with "considerable” vertical 

displacement. Opponents of such faulted contacts include Gilmour and 

Still (1968, p. 12U6) from work in the Iron King Mine region, and the 

author from work related to this study. A particularly disturbing 

aspect of such a proposed faulted contact is the crooked trace east of 

Little Mesa (GQ 997, T. 12 N., R. 1 E., Secs. 18, 19, 30, and 31) that 

"cuts across" (?) regional foliation for a distance of five kilometers. 

Anderson and Blacet (1972a, p. 6 0) invoke post-fault folding to explain
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the crooked nature of the fault. The author does not feel that geologic 

data support large scale faulting along the contact; rather he feels 

that folding of a depositional contact is indicated. Clearly the resolu

tion of such conjectures will he accomplished only by detailed mapping 

of the contact in questionable regions.

Structural Geology

Data obtained by the author (Figure 30) indicate that regional 

deformation has resulted in isoclinal, steeply plunging, slightly over

turned folds whose axial planes are subparallel to regional foliation.

A pervasive beta lineation defined by stretched pebbles, mineral orienta

tion, and sulfide horizon orientation was formed during the isoclinal 

folding event. Evidence for previous penetrative folding events if they 

occurred has been totally obscured by the noted regional deformation.

The tightly folded, yet relatively simple, outcrop pattern (Figure 2) is 

also indicative of only one penetrative folding event. The possibility 

of simple folding without associated penetrative structural deformation 

prior to regional deformation cannot be disproven, however. In fact 

the possibility of such a pre-isoclinal folding event may enhance the 

present regional structural orientation. More concerning the regional 

fold pattern will be said in a later section. No data support regional 

deformation post-dating isoclinal folding. Local post-isoclinal de

formation peripheral to batholithic intrusions is common but spatially 

restricted.

Neither Blacet (1968) nor Anderson and Blacet (1972a) recognize 

the steeply plunging isoclinal fold pattern. Rather, Blacet (1968,
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p. 187) characterizes the Mayer-Crown King volcanic rocks as "northwest 

dipping, conformable Spud Mountain Volcanics and Iron King Volcanics 

GQ 997 illustrates an inferred subhorizontal to low angle, plunging, 

overturned syncline occupying the region of mapped volcanic rocks.

Blacet (1 9 6 8, p. 19b) recognizes the low angle, north-plunging (020°,

20°) folded geometry of the Texas Gulch formation flanking Brady Butte 

that the author has discussed. Structure of volcanic rocks west of 

Brady Butte (GQ 997, Spud Mountain Volcanics) is inferred by Blacet 

(1968, p. 1 93) to-be " . . .  a northeast plunging, isoclinal, overturned 

anticline . . . that is doubly plunging . . .  in the vicinity of Big Bug 

Mesa." Nowhere does Blacet quote absolute plunge values for the inferred 

folds in volcanic rocks of the Mayer-Mount Union region. It is the 

author's opinion that fold orientations in volcanic rocks were assumed 

to parallel the measured orientations in Texas Gulch formation.

Blacet (1968, pp. 134-135) records the following critical state

ment regarding fold and lineation orientations:

It seems highly significant that mineral streaking approxi
mately down dip of regional foliation is the dominant lineation, 
and is essentially parallel, in both the western block of Spud 
Mountain Volcanics and in the "ika" unit of the Iron King 
Volcanics, but is lacking in the intervening central block.
These parallel lineations suggest that the central block was 
mechanically emplaced as a piercement fold squeezed upward into 
a previously deformed and probably tightly folded sequence of 
Spud Mountain Volcanics and Iron King Volcanics, in which an 
(A) lineation (mineral streaking) was already developed.

Blacet's central block includes Brady Butte granodiorite and Texas

Gulch formation; the eastern block is the Mayer-Crown King area; the

western block is an area of volcanic rocks equal in extent to the thesis

area, west of Brady Butte. For complete explanation of rock types refer
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to GQ 996 or 997• The "mineral streaking down dip of regional foliation" 

and "(A) lineation" referred to in the above quotation is the beta (B) 

lineation (L^) of steeply plunging folds formed during regional deforma

tion as shown by the author. It is unknown to the author how much, 

if any, vertical movement need be invoked for Brady Butte granodiorite 

to effectively change stress orientation operative during regional de

formation near its boundaries. Such information may be available by 

mathematical modeling, but is unnecessary for the present discussion.

The important consideration is that diverging fold orientations noted 

as one approaches Texas Gulch formation may be due entirely to one 

period of deformation that requires no large-scale normal faulting at 

Texas Gulch contacts. The author believes that sufficient geologic 

evidence has been presented to discount major faulted Texas Gulch con

tacts in the study area, and that previous author's (A) lineations are 

actually (B) lineations related to steeply plunging (60O-85°), regional, 

isoclinal folds.

Why has this regional fold pattern been overlooked? Many authors 

have noted the steeply plunging (B) lineations developed in the Mayer- 

Mount Union region. Anderson (1972, p. 33) states "Cleavage bedding 

intersections and minor fold axes in the Spud Mountain Volcanics (1.5 

kilometers west of the Bluebell Mine) plunge steeply southward."

Brook (197U, pp. 37» 4o) notes " . . .  unimodal plunge of folds at 

190°, 60° . . . and lineation bearing 200°, 60°." Jerome (1956, 

pp. 108-110) notes high angle lineations but says nothing about them. 

Gilmour and Still (1 9 6 8, p. 1247) recognize "A fine, penetrative
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lineation is found in all rocks of the ore zone (iron King Mine) in

cluding the more massive sulfides . . .  It may be seen that the fine, 

penetrative lineation plunges to the north (355°» 65°), closely parallel 

to the plunge of the sulfide lenses (010°, 60°)." Anderson and Creasey 

(1958, pp. 9 6, 146) state the Jerome "massive" sulfide deposit is 

oriented (340°, 65°) at surface and steepens (80° plunge) near the 3300 

level, the attitude of the ore deposit paralleling minor folds and (B) 

lineations. Obviously geologic evidence collected by separate authors 

over 25 years indicates regional, steeply plunging fold orientations 

for the Mayer-Mount Union-Jerome area.

Blacet (1968) and Anderson and Blacet's (1972a) interpretation 

of subhorizontally plunging, isoclinal folds with (A) lineations can be 

shown to be highly fortuitous if correct. Figure 38 illustrates the 

fold geometries as proposed by this study and previous authors. In order 

for subhorizontal folds (top diagram. Figure 38) to be oriented such 

that (A) lineations have constant orientation over wide areas requires 

two stipulations. Fold crests and troughs must be present at approxi

mately the same structural elevation such that fold limbs are nearly 

parallel. This parallelism of fold limbs will then reflect parallel 

(A) lineations only if erosion truncates all folds at the same level, 

exposing only fold limbs, not fold hinges. Steeply plunging, isoclinal 

folds (bottom diagram. Figure 38) will reveal subparallel lineations 

regardless of folding amplitude or wavelength and independent of erosion 

level. Geologic data and fold geometries support the author’s steeply 

plunging, isoclinal fold pattern.
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Figure 38. Proposed fold orientation possibilities, Mayer-Crown King
area. —  Fold orientations as proposed by the author (bottom 
diagram) and previous authors (top diagram) for volcanic 
rocks in the Mayer-Crown King area. See text for discussion 
relating to the fold orientations. S = Original bedding,
S, = Regional foliation, L. = (L.) lineation, B = Beta axis 
oT folds. x x
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What does a region of near-vertical fold plunges imply concern

ing structural evolution? Where do the folds go with depth? Is a 

prior period of simple folding needed to explain the present orientation? 

Subhorizontal fold axes are thought to result from one period of deforma

tion of plane-parallel strata (Ramsey 1967, p. 491). Folding of 

obliquely-inclined strata by flexural or passive mechanisms may result 

in either subhorizontal or steeply inclined fold axes (Ramsey 1967, 

pp. 491-517). Superposed folding may result in steeply plunging folds 

whose outcrop patterns are distinctive and repetitive (Whitten 1 9 6 6, 

pp. 322-476). Within the 200 square kilometer area mapped no geologic 

evidence supports superposed folding. Although tightly folded, the 

outcrop pattern suggests one period of isoclinal folding. This conclu

sion does not eliminate the possibility that the mapped area is but a 

small portion of a larger refolded terrene, but rather places areal 

restrictions on such a terrene.

Folding of obliquely inclined (not penetratively deformed) 

strata is preferred by the author to explain the steep regional plunge. 

Evidence supportive of such a theory is minimal to nonexistent, however. 

Slight tilting was accomplished prior to pelite deposition as previously 

discussed. The most logical source of large-scale tilting would be the 

intrusion of Brady Butte granodiorite and resultant doming of volcanic 

rocks. No data exist to prove whether the granodiorite intruded 

actively or passively in the Mayer-Mount Union region. Data in the 

southern portion of the Mount Union quadrangle and Minnehaha 7 V  quadran

gle have not been investigated during this report. Firm geologic
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evidence to support such a theory may never he found because of the in

tensity of isoclinal folding. Apparent stress orientation departures 

evidenced by divergent folding attitudes near Brady Butte granodiorite 

indicate large-scale inhomogeneities may exist in tectonic terranes. 

Without detailed mapping of outlying areas it would be foolhardy to 

state an absolute reason for steeply plunging fold attitudes. One can

not help but be impressed by the large area whose structural evidence 

indicates steeply plunging fold attitudes, however. With reference to 

Figure 1 the area from Jerome to south of Crown King appears to be 

typified by steeply inclined fold orientations. The ramifications of 

such structural evolution will be left to future workers.



CONCLUSIONS

Stratigraphic and structural reconstructions indicate that the 

Mayer-Crovm King area was the site of extensive subaqueous volcanism 

during a period in the Precambrian. Dominantly bimodal basalt and rhyo

lite flows constitute a stratigraphic succession 3,U00 meters thick 

that contains minor banded iron formation, chert, and limestone. 

Basaltic-andesitic compositions are represented by voluminous thin- 

thick bedded, pillowed, vesicular flows, massive agglomeratic flows con

taining clasts of chert, andesite, and limestone, and near-surface 

gabbroic sills and minor plugs. Dacitic compositions are noteably absent. 

Rhyolitic rocks commonly are clastic tuffs, quartz crystal tuffs, 

breccias, and near-surface sills. Oxide facies banded iron formations 

and thin chert horizons are ubiquitous as interbeds among basalt flows. 

Very thin limestone laminae persist throughout all stratigraphic 

horizons with minor importance in andesitic flows and tuffs.

Unconformably overlying the volcanic rocks is a politic sedi

mentary succession of 1,000+ meters thickness. Basal quartz pebble 

conglomerates, jasper-bearing slates, and arkoses give way with time to 

shallow water siltstones and shales with calcareous concretions. Only 

minor tilting of volcanic rocks is indicated through reconstructions, 

but more importantly all volcanic activity ceased as pelites were de

posited. This regional unconformity dates the extinction of volcanism
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and indicates a profound tectonic change that has been unrecognized by 

previous authors.

After deposition of pelites, and separated by an unknown time 

span, a greatly elongated granodiorite pluton (Brady Butte granodiorite) 

intruded the volcanic sequence. The amount of deformation of volcanic 

and pelitic rocks by granodiorite is unknown as passive or active 

mechanisms of intrusion cannot be proven with existing data. An un

known amount of uplift and erosion created an angular unconformity be

tween granodiorite and overlying sedimentary rocks of clastic and felsic 

volcanic affinity (Texas Gulch formation). Such sedimentary rocks 

appear to be mildly unconformable to the older volcanic rocks along a 

relatively unfaulted and unsheared contact.

The sedimentary and plutonic data record the following pattern 

of events in the Mayer-Crown King area: bimodal basalt-rhyolite volcanism; 

minor regional tilting and change of tectonic style; deposition of 

shallow water pelitic sediments; probable erosion; granodioritic in

trusions and possible arching of volcanic and sedimentary rocks; uplift 

and erosion of pluton with consequent deposition of dominantly clastic 

sedimentary rocks. Petrotectonic assemblages and regional geologic 

evolution are only imperfectly known presently.

Regional metamorphism and deformation follow the above series 

of events. Metamorphism resulted in the conversion of mafic volcanic 

rocks to hornblende-bearing amphibolites, and pelitic rocks to quartz- 

mica schists. Intermediate pressure "Buchan" metamorphism with pressure 

and temperature ranges of 2-4 kilobars, U00O-700° centigrade proven by
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diagnostic mineral assemblages is shown to increase in grade from north 

to south. Regional deformation has resulted in the formation of north

east trending foliation that dips steeply northwest. Isoclinal folds 

plunging 650-85° in the plane of foliation are characterized by a per

vasive beta lineation defined by mineral alignment, bedding-foliation 

intersections, and stretched pebbles. Outcrop patterns are indicative 

of one period of penetrative deformation; on the scale of the Mayer- 

Crown King area no evidence of polyphase folding is indicated.

Closely associated to regional metamorphism but clearly post

dating regional deformation is the intrusion of a quartz monzonite- 

alaskite-pegmatite batholith (Crazy Basin quartz monzonite). Metamorphic 

grade increases toward the batholith contact indicating that magma 

chambers at depth may have been responsible for the metamorphic grade 

increase from north to south in the region. Retrograde metamorphism 

of pelitic rocks is evident in a two kilometer wide zone surrounding 

the northern intrusive contact. Water needed for reactions may have 

been supplied from interstitial metamorphic fluids or later pegmatite 

intrusives genetically relatedto the batholith. Deformation peripheral 

to the batholith has resulted in warping of the regional foliation and 

creation of minor low angle folds and lineations.

Stratiform "massive" sulfide deposits in volcanic rocks are 

spatially and genetically related to rhyolitic horizons. Pyrite- 

chalcopyrite-sphalerite is the dominant sulfide mineralogy of such 

deposits while quartz-chlorite-carbonate is the typical silicate 

mineralogy. Textural and mineralogic data indicate the sulfide deposits
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have been metamorphised and deformed. Sulfide and silicate phase 

assemblages are stable at the regional metamorphic grade of surrounding 

country rock. Geologic data favor the classification of such deposits 

as "volcanogenic massive sulfide deposits" related to submarine vol- 

canism and fumarolic activity (Gangster 1972).

Detailed mapping and stratigraphic reconstruction favor the 

following changes regarding published geologic interpretation of the 

Mayer-Crown King area, (l) The name "Iron King Volcanics" should be 

discontinued to describe all volcanic rocks in the area. The author has 

shown that such rocks are divisible into distinct mappable horizons 

that are neither time nor stratigraphic equivalents. (2) The name

"Spud Mountain Volcanics" should be discontinued to describe pelitic 

sedimentary rocks in the area. The regional unconformity separating 

volcanic and pelitic rocks indicates a profound tectonic change, and the 

sedimentation pattern reveals total cessation of volcanism at that time. 

Therefore, pelitic rocks should not be a member of any dominantly 

volcanic formation. (3) The contact of Texas Gulch formation and for

mation and volcanic rocks appears to be a folded unconformity and not a 

major faulted boundary. (4) The region is characterized by steeply

plunging, isoclinal folds in all volcanic and pelitic rocks rather than 

the inferred subhorizontal, isoclinal folds of previous authors. Recog

nition of this steeply inclined fold system is perhaps the most impor

tant ramification of this study. Such orientation indicates that 

stratigraphy cross-cuts foliation although being elongated in the folia

tion direction. Previous authors1 geologic maps indicate that
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stratigraphy parallels foliation for 30 or more kilometers. Such inter

pretations are incorrect and indicate that a majority of published 

stratigraphy is in error. The geologic history of the Mayer-Grown King 

area as interpreted by the author is summarized in Table 12. Additional 

work will no doubt refine the knowledge of Precambrian events in the 

study area.



Table 12. Geologic history of the Mayer-Crown King area.

Date Event Rock Involved Result

Tertiary-Quaternary Erosion All rocks Present land form and outcrops
Tertiary-Quaternary Se diment atio n Hickey volcanics, Alluvium Nearly complete covering of Precambrian 

! outcrops
Upper Tertiary Intrusion Basaltic dikes Northwest dikes crosscut foliation.
Tertiary Intrusion Felsic dikes Northeast dikes parallel foliation.
Cretaceous-Tertiary Intrusion Crown King porphyry Active intrusion interrupts Precambrian 

stratigraphy
Proterozoic Erosion All Precambrian rocks Derivation of sediment for Phanerozoic 

rocks.
Intrusion Crazy Basin quartz monzonite Minor refolding of isoclinal folds re

• sulting in formation of (Fg) and (l»2). 
Retrograde metamorphism of pelitic 
rocks peripheral to intrusive contact.

Regional Volcanics, pelites, Brady Butte Prograde metamorphic assemblage. Steeply
metamorphism granodiorite, Texas Gulch forma inclined folding of volcanics and
and deforma
tion

tion and gabbro pelites with formation of (S ), (F^), 
(L ). Less steeply inclined-1 isoclinal 
folding of Texas Gulch formation with 
formation of (S^), (F^), and ( ) .

Sedimentation Texas Gulch formation Present regional stratigraphy
Erosion Pelites, volcanics, and 

granodiorite
Angular unconformity at top of 

granodiorite.
Intrusion Brady Butte granodiorite Possible additional arching or tilting 

of pelites and volcanics.
Erosion(?) Pelites and volcanics Additional possible tilting(?)
Sedimentation Pelitic rocks Present pelitic stratigraphy
Erosion and 
tilting

All volcanic rocks Regional unconformity

Intrusion(?) Gabbros Dilation and complication of volcanic 
stratigraphy

Volcanism All volcanic rocks Present volcanic stratigraphy



SUGGESTIONS FOR FURTHER WORK

Suggestions' for additional work will "be divided "between the im
mediate thesis area and the surrounding terrane. The author believes 
that sufficient unanswered questions exist in both localities to warrant 
additional geologic investigation. Problems involve stratigraphic re
construction, metamorphic grade, and structural .evolution.

Thesis Area
Geochemistry of mafic and felsic volcanic rocks is completely 

unknown. Neither previous authors' works nor the present study has 
concentrated on detailed major, minor, and trace element composition. 
Geochemical data may help to reveal whether the volcanic rocks represent 
island-arc, intracratonic, or deep ocean volcanism. The bimodal composi
tion of volcanic rocks may place constraints on reconstructed environ
ments of deposition.

Detailed structural mapping of the transition zone surrounding 
Brady Butte granodiorite may reveal how stress orientations change 
around a large "buttressing" object located in a plastically deforming 
medium. Computer modeling of such behavior may also be scientifically 
rewarding. Work of this sort will help geologists understand variations 
in strain in tectonic areas. The contact of Texas Gulch formation and 
volcanic rocks needs more investigation to prove or disprove large scale 
faulting movements. Again, detailed mapping should solve this problem.
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Age of metamorphism is poorly bracketed by igneous phenomena 

at the present time. The author suggests that rubidium-strontium dating 

of metamorphic minerals and whole rocks be implemented to remove some 

discrepancies in the present age bracketing (Anderson et al. 1971)• 

Sufficient equilibrium assemblages of hornblende, biotite, and feldspar 

exist to enable the rubidium-strontium method to be employed.

Regional Terrane

Detailed mapping of the entire Mayer-Mount Union region that 

outlies the thesis area and contains schistose PreCambrian rocks is 

necessary if the geologic history is to be properly evaluated. In the 

author's opinion previous work has not solved the stratigraphic and 

structural relations; in fact such published work has only succeeded 

in confusing geologic details. Numerous stratigraphic, structural, and 

petrologic theses await the student of Precambrian geology in the 

central Arizona area.

Specific interesting areas noted by the author include the in

tensely iron-stained region surrounding Copper Mountain, five kilome

ters east of Mayer, unusual eliptical and lensoid alteration zones 

characterized by intense silification and sericitization in the Black 

Canyon schist zone, two kilometers east of Cleator, and folded rhyolite- 

iron formation relationships in a zone 1 -6 kilometers south-southeast of 

Humboldt. In addition the unanswered question "How can ml 1 fold axes 

plunge nearly vertical over large areas without prior folding episodes?" 

remains. Possibly data will be gathered that indicate rock types mapped 

by the author in the Mayer-Crown King area exist in outlying areas.
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Surely this one structural question should spur others on to work in the 

region. Field study in the Precambrian of central Arizona affords the 

unusual opportunity of challenging the stratigraphic, structural, and 

petrologic knowledge of the worker in an attempt to unravel complex 

geologic problems.



APPENDIX A

PHOTOGRAPHIC ILLUSTRATIONS OF FIGURE 2

Appendix A is included to aid the reader in the interpretation 

of the geologic map (Figure 2). Excerpted from Figure 2 are the explana

tion, north half, and south half of the geologic map. These three por

tions of Figure 2 are reproduced on the following three pages, respec

tively . For all clarification of Appendix A refer to Figure 2.

\
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Figure A-l Explanation of geologic map (Figure 2).
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Figure A-2. North half of geologic map (Figure 2).





APPENDIX B

APPROXIMATE CHEMICAL COMPOSITION OF COMMON METAMORPHIC MINERALS IN 
BASIC AND PELITIC ROCKS AS A FUNCTION OF METAMORPHIC GRADE

Appendix B is a compilation of common metamorphic minerals found 

in basic and pelitic rocks at various grades of metmorphism. Chemical 

compositions of the minerals have been computed from various authors and 

are tabulated in the following pages. The author has used these chemi

cal compositions in the calculation of the pseudo-chemical analyses, 

"Chemistry" section. The data presented here may possibly serve as a 

reference for future authors. Every attempt has been made to Compute 

"average" compositions that are representative of a specific metamorphic 

grade. By no means should this data be interpreted to indicate exact 

chemical compositions of respective mineral at all metamorphic grades.



Table B-l. Mineral chemistries.

Oxide
Wt. percent

Mineral
Tl)
Staurolite

(2 ) (3) 
Andalusite Garnet

(4)
Garnet

(5)
Muscovite

Si02 28.4 3 6 .3 36 .8 37.4 48.4

Ti02 0 .6 - 0 .6 0 .2 0.9

A12°3 5 2 .8 6 1 .2 2 0 .8 11.9 27 .2

Fe2°3 1.7 -1 .2 0.5 13.6 6 .6

FeO 11.3 - 33.8 1 .8 0 .8

MnO 0 .2 0 .2 2 .2 1 .0 -

MgO 2.4 0 .2 3.7 - -

CaO 0 .2 0 .2 1.7 33.4 -

Na20 - - - - 0.4

K2° - - - - 1 1 .2

H2°t 2.3 0.7 - - 4.5

* Sources of data:
' (l) Staurolite in metapelite, amphibolite grade metamorphism. Chemi

cal composition taken as an average of sample #1-8 , pp. 15^-1 5 5, 
Deer, Howie, and Zussman (1962a).

(2) Andalusite from metapelite, amphibolite grade metamorphism. 
Chemical composition taken as an average of sample #1-7, P* 131, 
Deer, Howie, and Zussmani(1962a).

(3) Garnet from metapelite, average of biotite-garnet schist composi
tion of garnets from world-wide occurrences averaging almandine = 
76%, pyrope = 13.6%, grossularite = 2.4%. Chemical composition
a composite of #2, 3, and 4, p. 8 6, Deer, Howie, and Zussman 
(1962a) ."

(4) Garnet from calc-silicate rock, average composition of world-wide 
occurrences approximately andradite = 4l%, grossularite = 52%. 
Chemical composition a composite of #6 and 7, p. 91, 95* Deer, 
Howie, and Zussman. (1962a).

(5) Muscovite from low grade pelitic chlorite schist based on musco
vite compositions in pelitic zones as shown by Miyashiro (1973* 
p. 202). Chemical composition from #13* p. 18, Deer, Howie, and 
Zussman (1962b).



Table B-l. Mineral chemistries.— Continued.

Oxide
Wt. percent

Mineral
(6)
Muscovite

(7 ) (8 ) 
Muscovite Chlorite

(9)
Biotite

(1 0)
Biotite

Si02 46.2 45.5 2 5 .8 36.0 34 .6

Ti02 1.0 0 .9 0.6 2 .3 2 .1

A12°3 33.8 37.5 21.1 1 8 .0 2 0 .3 .

Fe2°3 1.0 - 3.7 1 .5 0 .7

FeO 1.0 21.8 2 1 .6 2 0 .2

MnO - - 0.3 0 .1 -

MgO 1.4 0 .2 15.3 7 .4 8 .7

CaO - 0.5 0.2 0 .1 0 .4

Na20 1.1 1.7 - 0 .4 0 .7

k 20 9.6 8.9 - 9 .1 8 .1

H2°t

VO-=fr 4.9 11.2 3 .5 4 .2

* Sources of data:
(6 ) Muscovite from lower amphibolite grade pelitic rocks based on 

Miyashiro1s compilation of muscovite composition as a function of 
metamorphic grade (Miyashiro, 1973, p. 202). Chemical composition 
from #14, p. 18, Deer, Howie, and Zussman.(1962b).

(7) Muscovite from upper amphibolite grade pelitic rocks containing 
co-existing staurolite and sillimanite. Based on Miyashiro*s work 
as quoted above. Chemical composition from #15, p. 18, Deer,
Howie, and Zussman.(1962b).

(8 ) Chlorite from low grade pelitic rock based on Miyashiro (1973,
p. 207) with consideration for atomic ratios of Si, Mg, Al, and Fe. 
Chemical composition from composite of #18, 19, and 20, p. lUl, 
Deer, Howie, and Zussman.(1962b).

(9) Biotite from lower amphibolite grade, garnetiferous rocks of 
pelitic composition. Data based on Miyashiro (l973, p. 202) and 
Deer, Howie, and Zussman.(1962b,vol. 3, p. 74). Chemical composi
tion from sample #3 , p. 6 3, Deer, Howie, and Zussman (1962b).

(10) Biotite from upper amphibolite grade pelitic rock containing 
staurolite and sillimanite. Data same as above biotite (9 ). 
Chemical composition from a composite of #7 and 13, p. 63-64, Deer, 
Howie, and Zussman (1962b).



Table B-l. Mineral chemistries.— Continued.
lU3

Mineraluxiae
Wt. percent (ID

Hornblende
(1 2)
Hornblende

(13)
Hornblende

(14)
Tremolite

Si02 42.8 46.7 49.7 55.2

TiOg 0 .8 0 .8 0 .8 0 .2

Al20 3 13.2 8 .6 7.9 4.7

Fe2°3 5.7 3.0 1 .1 0.5

FeO 9.3 13.5 9.4 1.9
MnO 0 .2 . 0 .2 0 .2 -

MgO 14.2 1 2 .2 15.1 21.7

CaO 1 0 .6 1 1 .8 12.7 1 3 .0

Na20 1 .0 1 .0 1 .1 1.3

K2° 0.4 0.3 0.3 0 .6

H2°t 1 .8 1 .8 1.7 0.9

* Source of data:
(11) Hornblende from lower amphibolite metabasite with character

istic blue-green pleochroism. Data from Miyashiro (1973, p.
256) and Deer, Howie, and Zussman (1963a,vol. 2) indicate that 
this low grade hornblende is closest to tschermakitic hornblende. 
Si = 6 .2-6.4, A1 = 2.3, Na+K+Ca =2.4 mole fraction. Chemical 
composition a composite of #4, 7, and 11, pp. 284-285, Deer,
Howie, and Zussman (1963a).

(12) Hornblende from medium grade amphibolite derived from basic 
rock. Characteristic green-brown pleochroism of amphibole.
Data from same source as (ll) hornblende. Si = 6 .6-6 .8 , A1 =
1.5, Na+K+Ca =2.4 mole fraction. Chemical composition a compo
site of #21 and 28, pp. 278-279, Deer, Howie, and Zussman 
(1963a).

(.13) Hornblende from upper amphibolite grade metabasite with brown 
pleochroic amphibole. Data from same source as (ll) and (12) 
hornblende. Si = 7.0-7.1, A1 =1.4, Na+K+Ca =2.2. Chemical 
composition a composite of #7 and l6 , p. 275-277, Deer, Howie, 
and Zussman (1963a).

(l4) Tremolite from impure marble. Data from Miyashiro (1973, p. 202). 
Chemical composition of #3, p. 251, Deer, Howie, and Zussman 
(1963a).



Table B-l. Mineral chemistries.— Continued.
lltU

Oxide
Wt. percent

Mineral
(15)
Actinolite

(16)
Diopside

(17)
Epidote

(18)
Chlorite

Si02 54.5 50.3 38.0 25.0

Ti02 0.2 0.4 - -

ti203 2.3 2.1 27.3 22.6

Pe2°3 0.4 2.7 — #0 -

FeO 10.4 9.9 0.2 21.1

MnO - 0.8 - 0.1

MgO 1 6 .8 9.9 0.3 14.9

CaO 12.6 23.4 23.4 -

Na20 1.0 0.1 - -

k2o 0.2 0.1 - -

H2°t 2.2 0.3 1.8 12.5

* Sources of data:
(15) Actinolite from low grade metabasite. Data from sources quoted 

above. Chemical composition a composite of #7 and 9, p. 252, 
Deer, Howie, and Zussman (1963a).

(16 ) Diopside from calc-silicate rock. Data from Miyashiro (1973, 
p. 260) states salites are clinopyroxenes in basic calcareous 
sediments. (l6) contains 29% Mg, 21% Fe, and 50% Ca in pyroxene 
tetrahedron diagram. Chemical composition a composite of #24, 
27, and 30, p. 52 and 6 7, Deer, Howie, and Zussman (1963a).

(17) Epidote from low grade metabasite. Data from Miyashiro (1973). 
Fe3+ = 0.55. Chemical composition a composite of #5, 6, and 7, 
p. 197, Deer, Howie, and Zussman (1962a).

(18) Chlorite from massive sulfide alteration pipes of stratiform 
sulfide deposits in volcanic terrenes. Data from Nash (1973). 
Chemical composition from Nash (1973) p. 673-67 8, and Larson 
(1976).



Table B-l. Mineral chemistries.— Continued.

Mineraluxiae
Wt. percent (19)

Albite
(20)
Anorthite

Si02 66.9 43.8

Ti02 - -

Al2°3 19.7 35.9

re2°3 0.4 0.4

FeO - -

MnO - -

MgO - 0 .3

CaO 0 .6 1 8 .7

Na20 11.5 0.4

K2° 0.1 -

H2°t 0.8 -

* Sources of data:
(19) Albite from low grade metamorphic rocks of basic composition. 

Albite = 96.7%, Anorthite = 2.J%. Chemical composition from 
#5, p. 108, Deer, Howie, and Zussman (1963b).

(20) Anorthite from high grade metabasic rock. Albite = 3.8%, 
Anorthite = 96.0%. Chemical composition from #U, p. 120, 
Deer, Howie, and Zussman (1963b).
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