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ABSTRACT 

The origin of fractures in plutons has been ascribed to differ

ential stress resulting from regional tectonics, magmatic emplacement, 

crystallization, and cooling. The evolution of stress, and hence the 

evolution of fractures in plutons, controls the timing and spatial 

distribution of fluid flow and alteratior~, Quantitative data on fracture 

orientation, density, vein width, and alteration systematically obtained 

from the 70-m.y.-old Diamond Joe stock, west-central Arizona, were 

used to determine the evolution of stress and fractures within the stock 

during its crystallization. The dome-shaped chamber of the predomi

nantly quartz monzonite stock is 8 km in diameter. 

Regional east-northeast compression produced the north-north

west crustal dilation necessary for the ascent and emplacement of the 

stock. Two-dimensional models using analytic solutions for stress in 

elastic media indicate that the prominent radial fractures within the 

stock developed in response to magma pressure, contraction, and 

regional stress. Most fractures formed by tensile failure during cool

ing, although magma pressure led to shear failure near the center. 

Deflection of radial fractures away from the east-northeast axis of the 

pluton at increasing distances from the center indicates north-northwest 

and east-northeast orientation of regional maximum and minimum princi

pal stress, respectively, during crystallization. Apparently, north

northwest-trending uplift in the vicinity of the pluton led to a shallow 

local reversal of principal stress after magma emplacement. 

x 



xi 

Theoretical strain estimates show a correlation with high frac

ture densities and abundant alteration along the north-northwest axis 

and the pluton margins. Zones of fracture selvage K-feldspar quartz, 

muscovite+K-feldspar+quartz, and muscovite+chlorite+quartz alteration 

are concentric about the centel" of the stock and extend a short dis

tance into the surrounding host rocks. Younger sericite+K-feldspar, 

argillic, and carbonate alteration occurs locally. Mineral equilibria and 

fluid inclusion data indicate low hydrothermal temperatures « I500 C) 

near the center of the stock and higher temperatures (200 0 C-400 0 C) 

near the margins. Apparently, fractures continued to open and fill as 

cooling proceeded within the center of the stock, whereas fluid circu

lation ceased at higher temperatures near the margins. 



CHAPTER 1 

INTRODUCTION 

Fractures localize both mineralization and alteration in shallow, 

cooling plutons. Stable oxygen and hydrogen isotope analyses and mass 

transfer studies have indicated that large quantities of hydrothermal 

fluid have circulated during the cooling of many felsic plutons (Shep

pard, Nielsen, and Taylor, 1971; Taylor, 1974; Villas and Norton, 

1977; Ferry, 1979). The permeability necessary for fluid circulation is 

determined largely by the abundance and geometry of continuous frac

tures developed as a consequence of stress evolution during cooling 

(Norton and Knapp, 1977; Knapp and Norton, 1981). Numerous studies 

have shown a close relationship between fractures and hydrothermal 

alteration, but few have specifically considered the variety of mecha

nisms by which fractures are produced. 

The objective of this study was to examine the relationship be

tween altered fractures and the evolution of stress in the Diamond Joe 

stock of western Arizona. Previous studies of similar plutons implied 

that stress related to regional tectonics (Rehrig and Heidrick, 1972), 

magma pressure (Whitney, 1975, 1977; White and others, 1981; Burn

ham, 1979), differential expansion of pore fluids (Knapp and Knight, 

1977), and contraction during cooling (Hulin, 1948) can each have an 

important, even dominant, role in producing fractures. Heidrick and 

Titley (1982) recognized the importance of each source of stress in a 

1 
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synthesis of fracture studies of the southwestern United States porphy

ry province. A mUltiple working hypothesis (Chamberlin, 1897) that 

considers all of these mechanisms was used in this study to evaluate the 

contribution of stress from different sources. Quantitative field data on 

lithologies, fracture attitudes, fracture densities, and alteration were 

compared with a computed analytic model of progressive fracturing 

related to crystallization. Fluid inclusion data and mineral equilibria 

were used to determine the areal variation of fluid composition and 

temperature. The evolution of stress and the development of fractures 

during cooling of the stock was finally shown to be related to the 

distribution and extent of hydrothermal alteration. Methods and nota

tion used in the study are given in Appendix A. 

Several features of the Diamond Joe stock make it well suited 

for this study. The lithology of the stock suggests in situ differenti

ation of a single intrusive unit that was not crosscut by later major 

igneous events. Host rocks are much older than the stock and were 

structurally homogeneous, providing for easier identification of pluton

related structures and alteration in the host rock. Alteration is rarely 

pervasive and generally occurs in discrete selvages adjacent to frac

tures. Crosscutting relationships are often distinct. Present in nearly 

an exposures of the pluton are recognizable, measurable fracture ele

ments (fig. 1) that allow for comparison of computed models of fractur

ing with the actual fracture development in the pluton. Lastly, the 

stock is part of the carefully studied and economically important Lara

mide porphyry province of the southwestern United States. 



Figure 1. Aerial photograph of the Diamond Joe stock 

Approximate contact (dashed line) and geographic features of 
the stock shown. Note prominent radial fractures and their symmetry 
about north-northwest and east-northeast axes through center of stock. 

3 



CHAPTER 2 

GEOLOGIC SETTING OF THE DIAMOND JOE STOCK 

The Diamond Joe stock underlies about 50 km 2 of the eastern 

Hualapai Mountains near Wikieup, Arizona (figs. 2, 3, and 4). The 

exposure of the stock is roughly circular, although the northeastern 

. margin is covered by a thin veneer of Tertiary gravel. There are 

nearly 600 m of relief, and exposures are excellent in most areas of the 

stock. 

Three isotopic dates (Gulf Mineral Resources, 1980) give ages 

of 74.7 ± 2.7,71.9 ± 1.5, and 68.9 ± 2.6 m.y. for fresh to slightly 

altered granodiorite, porphyritic quartz monzonite, and quartz 

monzonite porphyry, respectively, obtained from the stock (Appendix 

A) • These ages are similar to those obtained from other early Laramide 

porphyry intrusions of southwestern United States (Titley and Beane, 

1981). 

Host rocks of the stock are assumed to be correlative with 

Precambrian granitic and gneissic rocks dated elsewhere in the Hualapai 

Mountains (Kessler, 1976). Schists and gneisses that have steeply 

dipping foliation trending N. 300 E. border the stock on the north and 

west. The south and northeast margins of the stock are in contact 

with slightly foliated quartz diorite, gabbro, and gneissic porphyritic 

quartz monzonite. 

Major structures near and within the stock include the 

Copperville fault-vein and the Gunsight fault (fig. 2). Both trend 

4 



Figure 2. Location and geologic map of the Diamond Joe stock 

Most geology west of the Gunsight fault is from unpublished 
maps of Gulf Mineral Resources Corporation (1981, unpublished data). 
Lines A-Aland B-BI correspond to the cross sections shown in figure 3. 
Geology near the center of the stock is detailed in figure 4. Petrog
raphy of each unit is given in Appendix B. 
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Figure 2. Location and geologic map of the Diamond Joe stock 
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approximately N. 35° W. The stock is situated in a basement-cored 

Laramide uplift that also trends north-northwest. A prominent radial

tangential fracture pattern appears on an aerial photograph of the stock 

(fig. 1). 
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Figure 4. Enlarged geologic map of center of Diamond Joe 
stock 

Unaltered curvilinear fractures unique to the center of the 
stock are shown as closed rectangles. Stippled pattern shows areas of 
pervasive hydrothermal alteration. See figure 2 for explanation of 
symbols. 

8 



CHAPTER 3 

CRYSTALLIZATION OF THE DIAMOND JOE STOCK 

In this chapter the textural, compositional, and structural 

evidence for the nature of the emplacement and differentiation of the 

Diamond Joe stock is examined. Whole-rock and mineral composition 

data are used to show the genetic relationship of rock units. Primary 

igneous foliation is assumed to be indicative of the internal properties 

and convective processes prior to crystallization. Structural and 

textural features described suggest volatile saturation and separation 

near the end stages of crystallization. -

Lithologic Variation 

Modal analyses of the major rock types of the Diamond Joe stock 

show a variation from quartz diorite or granodiorite near the margins to 

granite at the center of the stock (table 1 and fig. 2). The stock is 

concentrically zoned with increasingly felsic lithologies exposed toward 

the center. Quartz and orthoclase generally increase, whereas plagio

clase, biotite, hornblende, sphene, and magnetite decrease as the 

center of the stock is approached (table 1). Complete petrographic de

scriptions of each unit are given in Appendix B. 

Distinct textural variations also characterize the lithologic units 

of the stock. Granite and leucocratic quartz monzonite near the center 

(fig. 2) are either equigranular or contain subhedral quartz pheno

crysts. Quartz monzonite porphyry that underlies the inner portion of 

9 



Table 1. Visually estimated modal analyses of unaltered 
units of the Diamond Joe Stock 

Sample 
a 

A Bb C D 

orthoclase 10% 5% 35%c 45%c 

microcline 5 

plagioclase 50 65 45 40 

quartz 12 8 15 12 

biotite 10 10 3 2 

hornblende 8 5 

muscovite 

sphene 3 3 1 1 

magnetite I ilmenite 2 4 1 1 

a. A - equigranular granodiorite (marginal unit) 
B - porphyritic dacite-latite 
C - porphyritic quartz monzonite 
D - quartz monzonite porphyry (central unit) 
E - aplitic quartz porphyry (central unit) 

major rock 

E F 

40% 48% 

38 30 

20 18 

2 1 

2 

1 

1 1 

F - equigranular quartz monzonite and granite (central unit) 

b. Exclusive of finely crystalline groundmass that accounts for 
approximately 65 percent of rock; higher percentages of quartz and 
orthoclase occur in the groundmass. 

10 

d 

c. Approximately a third of total orthoclase occurs as phenocrysts. 

d. May occur as alteration of feldspar. 
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the stock contains abundant K-feldspar megacrysts. The megacrysts, 

occasionally as large as 5 cm in their long dimension, are generally most 

abundant near the outer margin of the unit and decrease in both size 

and abundance inward. Rock units of quartz monzonite and granodio

rite are decreasingly seriate and porphyritic toward the margins of the 

stock. 

Contacts between lithologic units are generally gradational, al

though some features suggest that inner units are younger. In the 

southeast portion of the stock, quartz monzonite porphyry apparently 

transects porphyritic quartz monzonite (fig. 2). Abundant primary 

igneous structures such as biotite schlieren, flow foliation, and 

lensoidal segregations of phenocryst-rich quartz monzonite porphyry 

parallel the contact in this area (fig. 5). Other relative age relation

ships are shown by the dikes of the stock. Granite or leucocratic 

quartz monzonite dikes transect quartz monzonite porphyry near the 

center of the stock. Porphyritic latite to dacite dikes with distinct 

contacts at the margins of the stock tend to be increasingly diffuse 

inward from the Precambrian host. 

Structural Features of the Igneous Rocks 

Igneous flow foliation and schlieren have been accentuated by 

differential weathering of aligned platy and tabular minerals in many 

areas of the stock, although these structures are generally 

discontinuous and rarely developed except along contacts. The areal 

distribution of igneous foliation defines a domal structure of the 

porphyries that developed during emplacement of the pluton (fig. 5). 
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Figure 5. A ttitude of flow foliation in the Diamond Joe stock 

12 

Small axis of half-ellipses is parallel to dip; long axis is parallel 
to strike. Dips range from 90 degrees (lines) to horizontal (closed 
circles) • 
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Cross sections of the stock suggest an asymmetric geometry with gently 

dipping contacts to the north and steeply dipping contacts to the south 

(fig. S). 

Balk (1937) classified primary fractures with respect to the 

attitude of flow lines, flow planes, and schlieren that developed during 

the movement of viscous magma. These fractures could not be easily 

identified or classified during mapping of either the Diamond Joe stock 

(this study) or other similar plutons of Arizona (Rehrig and Heidrick, 

1972). Fractures developed in a small region with a O.S-km radius near 

the center of the Diamond Joe stock are unique within the stock 

because they are unaltered and curvilinear (fig. 6). A map of the 

joints reveals a complex dome-shaped structure partially surrounded on 

the east by an arcuate shear zone (fig. 4). Postcrystallization 

fractures are described and interpreted separately in Chapter 4. 

Primary Feldspar and Biotite Composition 

Microprobe analysis (Appendix A) of primary minerals in each 

major rock unit was used to determine if chemical variations exist in the 

primary mineral phases of the stock. Most of the pluton has a simple 

mineralogy consisting of quartz, amphibole, K -feldspar, plagioclase, and 

biotite; the last three have been systematically analyzed. Composition 

of the amphibole has not been determined because of its limited 

occurrence near the margins of the stock. 

The average compositions of coexisting plagioclase and 

K-feldspar (table 2) are plotted on an An-Or-Ab diagram in figure 7. 

In all analyses the albite component of plagioclase is greatest at the 
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Figure 6. Fractures exposed near core of Diamond Joe stock 

Joint sets within dashed line are unaltered and curvilinear, 
unlike the altered, dominantly radial fractures elsewhere in the stock. 
Dashed line also coincides with an arcuate shear zone (fig. 4). 
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Table 2. Average component mole percentages of coexisting primary 
feldspars 

Sample 

A B C 

Plagioclase 

Core 

Anorthite 37.1% 30.6% 31.8% 

Albite 61.6 67.7 66.7 

K-feldspar 1.3 1.7 1.5 

Rim 

Anorthite 25.1 20.8 23.7 

Albite 74.0 77 .6 74.2 

K-feldspar 0.9 1.6 2.8 

K-feldsEar 

Anorthite 0.0 0.1 0.0 

Albite 10.2 6.8 8.1 

K-feldspar 89.9 93.1 91.9 

Perthite Exsolution 

Anorthite 

Albite 

K-feldspar 

a. A - equigranular granodiorite 
B - equigranular quartz monzonite 
C - porphyritic quartz monzonite 
D - porphyritic quartz monzonite 
E - quartz monzonite porphyry 
F - miarolytic microcline perthite 

a 

D E F 

28.7% 27.0% 

70.0 70.8 

1.3 2.2 

14.8 18.9 

84.6 79.4 

0.6 1.7 

0.0 0.0 0.0 

13.3 5.6 5.4 

86.7 94.4 94.6 

8.2% 

90.4 

1.4 



• equigranular granodiorite 
o porphyritic quartz monzonite 
x quartz monzonite porphyry 
+ miarolytic microcline perthite 

\ 
\ 

\ 
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Figure 7. Composition of unaltered Diamond Joe stock feldspars 
plotted on a ternary Ab-An-Kf diagram 
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margins of crystals (74-85 mole percent) and decreases toward cores 

(62-71 mole percent). Also, the more felsic inner units have 

commensurately greater amounts of the albite component in both rims 

and cores. K -feldspar compositions are not systematically correlated 

with either plagioclase composition or rock type (table 2). Petrographic 

examination of plagioclase revealed that all are regularly zoned, except 

for latite-dacite dikes in which plagioclase phenocrysts have oscillatory 

zonation. 

Biotite compositions from several rock units are given in table 

3. A plot of Mg versus Fe + Mn cations (fig. 8) shows that biotite is 

progressively more magnesium rich in less felsic rock units, although 

little variation in Fe + Mn is noted. 

Whole-rock Composition 

Eleven whole-rock compositions were determined for samples 

selected to represent individual units of the stock. Several prominent 

chemical trends are apparent (table 4): 

1. Silica increases from 63 percent in the marginal units to a high 

of 72 percent in granite dikes at the center of the stock. 

2. Alumina is slightly higher in marginal units where plagioclase 

has a slightly more calcic composition. 

3. The total alkalis generally increase toward the center, but Na20 

is depleted in granitic dikes near the center of the stock. 

4. Sr and Ca show a general decrease inward, reflecting more 

albitic plagioclase and an absolute decrease in plagioclase abundance. 



18 

Table 3. Representative microprobe analyses of primary biotite 

Biotite Sample a 

A B C 

Weight Percent 

Si02 40.09 37.34 37.79 

MgO 14.23 13.24 12.32 

TiO
t 

2.45 3.26 2.18 

FeO 17.24 16.58 17.38 

MnO .72 .58 .80 

Al20 3 13.46 15.30 16.32 

CaO .04 .01 .00 

K
2
0 9.67 9.75 9.99 

Total 95.33 96.16 96.94 

Number of Cations on Basis of 110 

Si 2.826 2.810 3.081 

Mg 1.616 1. 485 1.366 

Ti .141 .184 .122 

Fe 
2+b 

1. 0999 1.044 1.082 

Mn .046 .037 .051 

Al 1. 209 1. 357 1.432 

Ca .003 .001 .000 

Na .037 .014 .023 

K .941 .936 .949 

a. A - equigranular granodiorite 
B - porphyritic quartz monzonite 
C - quartz monzonite porphyry 

b. All 
2+ 

Fe reported as Fe • 



1.6 

Mg cations/ 
11 oxygens 

1.4 

1.0 

• 

• o 0 

o 

x 

I 

I 

-

I 

1.2 

total Fe+Mn cations/11 oxygens 

• equigranular granodiorite 
o porphyritic quartz monzonite 
x quartz monzonite porphyry 
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Figure 8. Mg versus Fe+Mn cations per 11 0 of primary biotite 

Note decrease of Mg content in units of stock from older (equi
granular granodiorite) to younger (quartz monzonite porphyry). 



Table 4. Whole-rock chemical analyses of primary lithologies. 

Locations of samples are given in figure A-I (Appendix A). Analyses are in weight percent for 
oxides and parts per million for Rb and Sr. Si02 and Fe20

3 
analyzed by atomic absorption; all 

others by wet chemical techniques. Analyzed by Skyline Labs, Incorporated, Tucson, Arizona. 

Si02 
A120 3 
Fe203 
FeO 
MnO 
MgO 
GaO 
Na20 
K2 

P205 
Ti02 
Rb 
Sr 

Total 

A 

63.2 
16.8 

2.10 
1. 70 

.057 
1.30 
3.90 
4.5 
3.0 

.110 

.570 
200 
800 

97.2 

B 

63.7 
16.8 
1.50 
1.20 

.044 
1.00 
3.30 
4.7 
3.3 

.096 

.480 
210 
780 

96.1 

G 

66.0 
16.7 

2.00 
.90 
.041 

1.10 
3.30 
4.8 
3.0 

.110 

.530 
180 
830 

98.5 

D 

66.4 
16.1 

1.40 
.84 
.039 
.86 

3.10 
4.6 
3.4 

.090 

.440 
200 
790 

97.3 

a. A - equigrailUlar granodiorite 
B - equigranular granodiorite 
G - porphyritic dacite or latite 
D - equigranular quartz monzonite 

granodiorite 
E - porphyritic quartz monzonite 
F - equigranular quartz monzonite 
G - quartz monzonite porphyry, 

Samplea 

E 

67.2 
15.9 

1.50 
1.10 

.037 

.81 
2.80 
4.5 
3.3 

.081 

.390 
180 
750 

97.6 

F 

67.5 
16.1 

1.60 
1.00 

.036 

.82 
2.50 
4.7 
3.3 

.096 

.360 
190 
700 

98.0 

finely crystalline groundmass 

G 

67.8 
15.7 

1.20 
.64 
.025 
.76 

1.20 
4.7 
4.0 

.063 

.180 
230 
600 

96.3 

H 

68.2 
14.8 

.72 

.45 

.034 

.26 
1.00 
4.1 
4.4 

.031 

.100 
270 
370 

94.1 

I 

68.4 
15.1 

.92 

.26 

.031 

.32 
1.80 
4.4 
4.0 

.040 

.140 
280 
510 

95.4 

J 

70.1 
15.1 

1.10 
.19 
.027 
.33 

1.60 
4.3 
4.0 

.048 

.140 
210 
470 

97.4 

K 

72.2 
14.4 

.24 

.23 

.009 

.09 

.42 
3.7 
5.5 

.028 

.034 
370 
170 

96.9 

H - quartz monzonite porphyry, coarsely 
crystalline groundmass 

I - quartz. monzonite porphyry, coarsely 
crystalline groundmass 

J - quartz monzonite porphyry, coarse 
xenomorphic groundmass 

K - late equigranular quartz rnonzonite
granite 

N 
o 
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5. MnO decrease parallels a decrease of modal biotite in the inner 

units of the stock (table 1). 

Discussion 

At least four models for the origin of zoned felsic plutons 

similar to the Diamond Joe stock have been suggested. Compton (1955) 

and Ressor (1958) in studies of different North American Cordillera 

zoned plutons suggested lithologic zones developed through assimilation· 

of wall rocks by the magma. Compositional zones in the Tunk Lake 

pluton of Maine are attributed to inward flux of aqueous fluids from the 

margins of the pluton (Karner, 1968). Studies of the Sierra Nevada 

Tuolumne intrusive series suggest that magmatic differentiation during 

crystallization led to compositional zones (Robinson, 1977; Bateman and 

Chappell, 1979). Although are ally smaller, the Diamond Joe stock is 

compositionally and texturally similar to the Tuolumne intrusive series. 

Hildreth (1979) has proposed a th«:>rmogravitational, double-diffusive 

mechanism for compositional zonation in silicic magma chambers. Zona

tion will result from the combined effect of a vertical thermal and 

gravitational field during cooling of the chamber. 

An assimilation or metasomatic origin for the lithologic zones of 

the Diamond Joe stock can be discounted for several reasons. First, 

the assimilation of the dominant porphyroblastic quartz monzonite gneiss 

host rock would be inappropriate to produce a granodioritic marginal 

phase. Second, the paucity of xenoliths throughout the Diamond Joe 

stock and the discordant contacts with the Precambrian host rocks 

argue against significant assimilation. Third, increasingly mafic rocks 



would have developed adjacent to Precambrian gabbroic and diabasic 

host rocks had assimilation and metasomatism been important in the 

development of the marginal phase of the stock. This control of the 

primary lithology was not observed. 
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Mineralogic and whole-rock compositions are consistent with de

creasing crystallization temperatures and differentiation from the 

margins of the chamber inward. Plagioclase rims and cores are consis

tently more albitic and magnesium content of biotite decreases toward 

the center of the stock. This chemical variation qualitatively indicates 

lower crystallization temperatures for the inner units of the stock. The 

variation of whoie-rock composition suggests that the magma differenti

ated by crystallization of biotite and progressively more albitic plagio

clase. The smooth trend of whole-rock compositions on an AFM diagram 

(fig. 9) implies that each unit is related by differentiation. 

The origin of the inner ring of K-feldspar megacryst porphyry 

in the Diamond Joe stock is probably related to a variation in under

cooling during crystallization. The relationship between crystal nucle

ation and growth rate with the degree of undercooling has been 

experimentally investigated by Swanson (1977). Lower degrees of 

undercooling for granodioritic melt are shown to result in a faster 

growth rate than the nucleation rate for K-feldspar. Undercooling of 

the Diamond Joe stock would have been large during initial stages of 

crystallization while host rocks were cool. High degrees of under

cooling would lead to an equigranular marginal phase. Following 

emplacement, undercooling would decrease as crystallization proceeded 
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arrows show trend of differentiation 

Figure 9. AFM variation diagram of whole-rock compositions 
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from the margins inward and as host rocks were heated. An increas

ingly porphyritic texture would be produced. 

An average of 6 volume percent hydrous minerals (mostly bio

tite) in the unaltered lithologies (table 1) necessitates that at least 0.25 

weight percent H20 originally had been in the magma. An estimate for 

the average H20 content of granitic magma is 3 weight percent 

(Burnham, 1979). These data indicate that the H20 content of the 

magma must have increased during crystallization. The H20 not incor

porated into hydrous minerals could be trapped by intracrystalline and 

intercrystalline imperfections or be transported and homogenized by 

convection in the remaining magma. 

Several features suggest that H20 increased and surpassed the 

amount that could remain dissolved in the magma as crystallization pro

ceeded. First is the occurrence of abundant pegmatitic segregations 

and miarolytic cavities surrounded by short radial fractures in an area 

of a O. 5-km radius at the center of the stock (fig. 10). Such features 

are consistent with the presence of a separate aqueous fluid phase dur

ing crystallization (Best, 1982, p. 109). Also within this area are very 

irregular quartz veins that have margins of trachytoid biotite quartz 

monzonite. These may represent flow channels for low-density aqueous 

fluids (fig. 11). The late magmatic origin of these quartz veins is 

indicated by the occurrence of short and discontinuous aplites that 

transect the veins (fig. 12). Second, the abundance of phenocrysts 

within the quartz monzonite porphyry was observed to decrease near 

the center of the stock. This textural change is likely to have resulted 

from an increase in magmatic pressure during evolution of an 
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Figure 10. Miarolytic cavity near center of Diamond Joe stock 

Such cavities are common in the core of the stock (fig. 4). 
They are generally filled with quartz, K-feldspar, and muscovite and 
are often surrounded by radial, quartz-filled fractures. 



Figure 11. Trachytoid biotite quartz monzonite near center of Diamond Joe stock 

Trachytoid texture of biotite quartz monzonite "drapes" over irregular bodies of quartz and 
miarolytic cavities. Location of outcrop is approximately 350 m west-northwest of the Silv,~rtrails 
mine. 

N 

'" 
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Figure 12. Aplite transecting a large quartz vein near center 
of Diamond Joe stock 
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aqueous-rich phase. Failure of the chamber walls may have ensued 

providing a pressure quench (Burnham, 1979). A sudden decrease in 

pressure would result in an increase of undercooling, allowing equi

granular textures to form (Swanson, 1977). 

§ummary 

Chemical and textural evidence suggests that the Diamond Joe 

stock is a single, noncomposite intrusion that differentiated mostly in 

situ. The stock appears to be dome shaped with a gently dipping con

tact to the northeast and a more steeply dipping contact on the south

west. An aqueous-rich phase appears to have exsolved from the magma 

at the end stages of crystallization. An increase in pressure attendant 

to the evolution of the aqueous-rich phase is likely to have fractured 

the crystalline portions of the stock. 



CHAPTER 4 

STRUCTURAL GEOLOGY 

Prominent structural characteristics of the Diamond Joe stock 

are described in this chapter. In the previous chapter, evidence was 

presented that suggests that an increase in pressure within the crys

tallizing magma led to the development of at least some fractures. In 

the latter part of this chapter an analytic model is developed to simulate 

the fracture distribution in the Diamond Joe stock. As will be shown, 

data from the model indicate that the origin of most fractures was from 

stresses generated by thermal contraction and magma pressure and 

modified by regional tectonism. 

Major Structural Features 

Most major faults and veins, with the exception of the Gunsight 

fault, are coeval with or older than alteration and mineralization and 

are situated in an arcuate zone approximately 3 km west of the center 

of the stock (fig. 2). The Silvertrails fault-vein (N. 70 0 W.), which is 

exposed for only a short distance northwest of Diamond Joe Peak, 

appears as a distinct linear feature on aerial photographs (fig. 1) and 

may be continuous with the Leviathan vein on the western side of the 

stock. 

Unaltered gouge and shatter indicate postalteration movement on 

the Gunsight fault. At the south margin of the stock, strike separation 

of the pluton contact is approximately 300 m. Porphyry units within 
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the stock are offset 200 m (fig. 2). The trace of the fault continues to 

the northwest and ends near the northern contact (fig. 2). Flow folia

tion (fig. 5) and drill-hole intersections (Gulf Mineral Resources, 1981) 

suggest that the attitude of the contact of the porphyries and of the 

outer margin of the stock dips outward at approximately 60 degrees. If 

the dome shape of the stock as depicted in figure 3 is correct, these 

observations suggest normal movement with some rotation on the Gun

sight fault with the western side downthrown and displacement greatest 

at the south contact. Although net slip on the fault cannot be deter

mined, ideal vertical dip-slip movement results in a displacement at the 

south contact of 525 m and 340 m at the quartz monzonite porphyry 

contact. 

Description of Fractures 

Classification of Fractures 

Field examination of fractures in the stock reveals that all frac

tures fall into one of two groups. The first group consists of discon

tinuous planes formed by differential weathering or failure along 

schlieren or planes of primary mineral alignment. Alteration other than 

surficial weathering is not present. The distribution and significance 

of these primary structures were discussed in Chapter 3. 

The second type of fractures transects igneous structure and is 

more continuous and nearly always has an alteration selvage. Continu

ity of fractures ranges from a few centimeters to at least 40 m, the 

diameter of the largest outcrops. The fractures are commonly either 



single, through-going fractures or an en echelon group of intercon

nected fractures of the same general attitude. 
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Fracture fillings and replacement of adjacent walls of this group 

of fractures may consist of different alteration minerals, including 

quartz, muscovite, feldspar, fluorite, pyrite, epidote, chlorite, and 

anhydrite. Vein widths range from several microns to several meters. 

Field measurements were limited to vein and fracture widths greater 

than approximately 0.5 mm. These structures were large enough to be 

easily observed without use of a hand lens or microscope. 

Criteria to permit distinction of fractures developed by shear 

from those developed by tensile failure are few and often ambiguous 

(Price, 1966), but several features were observed during the field work 

that were found to be useful in distinguishing the two. Fractures hav

ing catac1astic selvages of alteration minerals and vein fillings in combi

nation with conjugate coeval sets of fractures separated by angles of 

20-30 degrees are considered indicative of shear failure. Conversely, 

sharp contacts between fracture fillings and walls and undeformed vein 

fillings suggest tensile failure. Most fractures appear to have a tensile 

origin, using these criteria, although fractures and dikes near the 

center of the stock show an episode of early shear failure (figs. 13 and 

14; table 5). Near the center, selvages of cataclastic secondary alkali 

feldspar often occur adjacent to fractures reopened and filled with 

vuggy quartz or quartz porphyry, suggesting shear followed by tensile 

failure (fig. 14 and table 5). Shear fractures occasionally crosscut 

earlier tensile fractures near the margin of the stock (fig. 14 and table 

5) • 
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Figure 13. Deformation along a shear fracture at margin of a 
quartz porphyry dike 

Wall rock of the dike near the core of the Diamond Joe stock 
contains curved K-feldspar phenocrysts and catac1astic textures. 
Locally numerous fractures accompany deformation. These features are 
overprinted by later hydrothermal alteration. 
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Figure 14. Fracture characteristics in the Diamond Joe stock 

Sequences of fracture development in the regions shown are 
given in table 5. 
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Table 5. Sequence of structural development in the Diamond Joe stock (depicted in fig. 14) 

Core 

1. Igneous foliation 

2. Cross, longitudinal, 
and diagonal frac
tures (Balk, 1937) 
related to magma 
flow 

Center 

1. Igneous foliation 

2. Aplites 

3. Early shear frac-
tures intruded by 
by quartz porphyry 
or later filled by 
with vuggy quartz 
(4). These fractures 
commonly have cata
clastic alteration 

Margin 

1. Igneous foliation 

2. Aplites and pegma
ti tes that are 
generally radial 
about the center of 
the stock 

3. Tensile fractures 
that exhibit open
space filling 

K -feldspar on margins 4. 
and in selvages. 

Carbonate or quartz
filled shear 

4. T ensile fractures 
filled with quartz 

fractures 

Host Rocks 

1. Metamorphic foliation 

2. Irregular aplites and 
pegmatites 

3. Rare tensile ( ?) frac
tures that often "bend 
into" direction of 
foliation 

w 
~ 
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Fracture Orientation 

A prominent set of altered fractures radiates from the area near 

the center of the stock described as having evidence of volatile phase 

separation and magmatic flow. A conjugate fracture set is also present, 

but it is more variable in orientation. All measured altered fracture 

sets are summarized on a graph of fracture strike as a function of 

bearing from the structure center of the stock (fig. 15). This plot 

clearly shows the dominance of the radial set. In only one area near 

Diamond Joe Peak is the later concentric set more pronounced. 

Fractures in the northeast portion of the stock cannot be definitely 

ascribed to a radial or tangential set. 

Deflections of strike in the radial set have symmetry axes 

described by the Gunsight fault (N. 35° W.) and the Silvertrails

Leviathan lineament (N. 65° E.) (fig. 16). North of the Silvertrails

Leviathan structure the deflections are northward, becoming more 

pronounced away from the center and as the N. 65° E. direction is ap

proached. Similarly, deflections south of the structure are southward. 

West of the Gunsight fault the strike deflections are more subtle. The 

continuity, consistency, and near-vertical orientation of fractures argue 

against differences in elevation along dipping fractures as a cause for 

the deflections. 

Most fractures are nearly vertical. In general, lowest average 

dips are encountered in topographically low portions of the stock and 

on early fractures (fig. 17). Younger and topographically higher 

fractures show corresponding higher average dips. Rotation on the 
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• most altered and/or densest fracture set at each sample 
locality 

o second most altered and/or dense fracture set at each 
sample locality 

x third most altered and/or dense fracture set at each sample 
locality 

plot of ideal radial and concentric strikes 

Figure 15. Plot of fracture set attitude versus bearing from 
structural center of the Diamond Joe stock 



1 1 KM 

Figure 16. Strike of radial fracture set 

The radial set in all localities shown is either the densest 
and! or most altered set. Note deflection away from east-northeast 
direction through center of the Diamond Joe stock. Compare with 
figure 1. 
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Figure 17. Rose diagrams of dips of aplites, pegmatites, and 
altered fractures versus elevation and relative age 

Number of observations is shown above the histogram. Note 
lesser dip of higher elevation and younger sets of fractures. 
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Gunsight fault may have resulted in lower dips of the radial set in the 

northwest portion of the stock. 

Fractures are not abundant in the wall rocks of the stock. 

Radial fractures are essentially absent except in the area near the 

Leviathan vein (fig. 16) and along the northwest margin of the stock. 

Most fractures appear to be subparallel or perpendicular to the foliation 

in the Precambrian gneiss and schist host rock. 

Fracture Density 

Fracture density (fracture length/unit of outcrop surface area) 

was measured and plotted for all fractures (fig. 18) and for radial frac-

tures (fig. 19) throughout the stock. Only fractures with visible sel-

vages or fracture fillings were counted in fracture densities. 

Highest fracture densities occur in the area north of the Levia-

than vein, along portions of the Gunsight fault, in Deluge Wash, and in 

the stock adjacent to mafic Precambrian rocks. Values within these 

f 0 6 7 cm-l to O. 10 cm-1 
areas range rom • Low fracture densities, occa-

sionally 0.005 cm -1, occur adjacent to granitic gneisses and within the 

area immediately south of the structural center of the stock. Overall, 

fracture densities are generally lower in the eastern portion of the 

stock. 

Altered fractures within ±20 degrees of ideal radial strike were 

used to map the radial fracture set density (fig. 20). Results are 

similar to those for the overall fracture density (fig. 19). Radial 

fracture densities are significantly lower in an arcuate zone approxi-

mately 1.5 km from the center of the stock. 



40 

-1 

1 KM 1 
N 

eM 
-2.0 

<10 
-1.8 

> 

Figure 18. Overall fracture density 
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Generally, fracture densities abruptly decrease at the margins 

of the stock. For example, high fracture densities within the western 

margin are immediately bordered by low fracture densities in the 

gneissic host (fig. 20). Increased fracture densities are encountered in 

a Precambrian mafic dike approximately 0.75 km from the contact. 

Overall, fracture densities are very low in the Precambrian rocks but 

are slightly higher in more mafic lithologies. 

Origin of Fractures in Plutonic Rocks 

Previous Studies 

The importance of fractures to alteration and mineralization has 

long been known (Lindgren, 1905; Ransome, 1919). Consequently, the 

origin of fractures in and around plutons has been the subject of 

numerous studies. Thermal stresses during cooling of a pluton (Hulin, 

1948), magma pressure (Burnham, 1979; Whitney, 1975; White and 

others, 1981), and stress related to regional tectonics (Rehrig and 

Heidrick, 1972) have been suggested as having important or dominant 

roles in the origin of fractures. Analytic models of fractures surround

ing magma chambers (Anderson, 1951; Ode, 1957; Robson and Barr, 

1964; Cummings, 1968; Roberts, 1970) have considered models of stress 

distribution around a two-dimensional magma chamber in terms of 

emplacement and fractures in the host rock, but none has specifically 

examined fractures within the crystallizing pluton or the effects of 

thermal stresses. The corresponding problem for three dimensions 

(Koide and Bhattacharji, 1975) and a finite-element analysis of stress 

evolution in a simple pluton with thermal stress (Knapp and Norton, 
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1981) have been directed toward explaining fracture distribution in the 

general case. Heidrick and Titley (1982), in the context of the south

western United States porphyry systems, viewed the pluton as an 

energy source for the stress required for failure. Thermal stress and 

magma pressure, variably modified by regional tectonism, result in a 

pluton-centered structural pattern. Following Heidrick and Titley 

(1982), the dominant origin of stress and hence fractures in the Dia

mond Joe stock is assumed to bL the result of thermal, magmatic, and 

gravitational forces related to emplacemerit and crystallization of the 

pluton and the resultant local stress modified by regional tectonism. 

Changes in Stress and Strain 

Thermal stress arises from variation of temperature during cool

ing of a hot pluton. Initial stress in an isotropic elastic medium is 

related to changes in temperature by the relation 

where E is Young's modulus, elL is the solid linear coefficient of thermal 

expansion, and the product, Eel
L

, is the solid elastic thermomechanical 

parameter. If the compressive stress is assumed to be positive, an 

increase in temperature will result in a positive value of elL (Knapp and 

Norton, 1981). Changes in stress will also result indirectly from 

thermal gradients by pore-fluid expansion (Knapp and Knight, 1977) 

and during volume changes attendant with phase transitions related to 

alteration processes. Changes in stress caused by thermal gradients 
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will decrease with cooling of the pluton but will be active until normal 

crustal temperature is attained (Knapp and Norton, 1981). 

As a volatile-rich magma cools, changes of stress related to the 

melt result from separation of stlpercritical fluid at pressures and 

temperatures near the solidus of tonalitic magma and from slight 

contraction on cooling at higher temperatures (Knapp and Norton, 

1981). Pressure for a Newtonian fluid is described by_ 

ap 
The term (a T) V is analogous to the product EcxL for elastic solids. It 

is positive for a three-phase magma (crystals, liquid, and an aqueous-

rich fluid) near the solidus with a maximum value near one kilobar 

pressure; it is negative with a small value for a two-phase magma 

(crystals and liquid). Values for both the elastic and fluid thermo-

mechanical parameters have been calculated over a wide range of 

pressures and temperatures for tonalitic magma (Knapp, 1978). 

Tectonism related to plate interactions will result in a dif-

ferential stress acting over the entire system and will alter local stress 

trajectories. Gravitational forces will dynamically affect the local stress 

during emplacement of the pluton when hot low-density magma rises and 

inflates a chamber in a cooler denser crust. 

Computational Model and Assumptions 

The stress distribution around a statically pressurized hole in 

an infinite elastic plate was calculated and superimposed upon thermal 

stress developed within a two-dimensional tube with heat flowing from 
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the center (Appendix C). The array was calculated for three different

size holes surrounded by a conductive cooling gradient to represent an 

8-km-diameter magma chamber (fig. 21). Calculation of the stress dis

tribution in only one quadrant was necessary because there is biaxial 

symmetry. Analytic solutions for a two-dimensional model were assumed 

adequate for computing the stress distribution owing to the lack of data 

defining the three-dimensional geometry of the stock. Results of the 

model are presented as maps of fracture distribution by application of 

failure criteria considered in the following section. 

Assumptions regarding the mechanical properties and tempera

ture gradient of the analysis must be specified. Because the local 

stress was calculated at three discrete cooling steps, a value for 

(ap/ aT)V was replaced by a static magma pressure that reflects an in

crease of (a p / a T) v as crystallization proceeds. Magma pressure is 

constant everywhere within the hole and the fluid providing the pres

sure does not penetrate the walls. Magma pressure was initially chosen 

to equal the regional maximum principal stress and increased 20 percent 

when the radius of the hole is O. S km. These values can vary slightly 

and still give similar results, but they are constrained by the attitude 

of fractures within the stock. Values for magma pressure below 

regional maximum principal stress do not provide the radial-tangential 

stress pattern necessary for fracture development. Similarly, magma 

pressure much above regional maximum principal stress results in 

extensive shear failure around the chamber. A simple conductive model 

of heat flow from a circular source (Jaeger, 1968), initially at nooc 

and surrounded by a medium at IS0oC, was used to specify 
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Figure 21. Schematic plan view of the analytic model (pressur
ized cylinder in an elastic plate with a thermal gradient) at three 
cylinder radii 

Values of static local stress (arrows) resulting from tectonism 
(A), thermal contraction (B), and magma pressure (C) are calculated 
for solid portions of the model (Appendix C) and then tested for failure 
if the cylinder is 2.0, 1.0, and 0.5 km in radius. Pressurized cylinder 
(magma chamber), initially at 920°C, cools by conduction (Jaeger, 1968) 
to an ambient temperature of 150°C. Solidification is assumed to occur 
at 700°C. 
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temperatures in the plate around the pressurized hole. No allowance 

was given for latent heat of crystallization. An average value of 0.075 

for thermal diffusivity for granitic rocks (Clark, 1966) was taken to be 

constant over the entire model. All regions of the model below 700°C 

are solid and purely elastic, whereas regions above 700°C are fluid. 

Solid portions of the model have a constant thermomechanical parameter 

EctL equal to 4.8 and Poisson's ratio" and number m equal to 0.22 and 

4.55, respectively (e.g., Knapp, 1978). 

Mechanics of Fracture 

It was assumed that the stresses predicted by the model, which 

exceed the strength of the material, indicate that failure will have 

occurred at that point. Stress paths move. continuously through a fail

ure region because stress redistribution is not accounted for. This 

assumption, which has been used elsewhere to predict fracture distribu

tions from stress trajectories, only approximates natural conditions 

(Ode, 1957; Robson and Barr, 1964; Cummings, 1968; Roberts, 1970; 

Koide and Bhattacharji, 1975; Knapp and Norton, 1981). The Navier

Coulomb criterion of brittle shear failure (Handin, 1966) was used to 

determine the critical values of stress necessary for shear failure. The 

criterion is based on the relationship that shear failure in any plane 

will occur when 

where L is the shear stress acting along a shear surface, lJ is the coef

ficient of internal friction, ON is stress normal to the surface, and s is 
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the cohesive strength of the material. For the calculated stresses, 

failure by shear was assumed to occur whenever T - lJ oN was greater 

than or equal to s. At any temperature, the values of sand lJ were 

assumed to be 500 bars (Price, 1966) and 1, respectively. Shear 

failure will then occur when T - jlON has its maximum value, 

where 01 and 03 are the maximum and minimum principal stresses. For 

the calculated stresses, tensile failure occurs when 

-03 = t 

where t is the tensile strength, assumed to be 40 bars. Combining the 

last two equations indicates that shear failure will occur when 01 is 

greater than 4.83s - 5.85t and tensile failure when less (fig. 22). 

Failure will occur when a calculated 01 and 03 fall into either the tensile 

or shear failure regimes. 

Results 

Constraints on the values of magma pressure and regional 

stress during crystallization of the Diamond Joe stock are suggested by 

the model. To develop deflections from the ideal radial set directed 

toward the north -northwest from the east-northeast direction (fig. 16), 

the minimum principal stress must be directed east-northeast and the 

maximum principal stress north-northwest. Increasing magma pressure 

in the circular chamber will tend to offset the deflection to a more 

radial pattern. 
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Figure 22. Navier-Coulomb criteria for brittle failure in terms 
of principal stress 

S, T, and N represent regimes of shear, tensile, and no 
failure, respectively. Boundaries are: a, 03 = t; b, 4.83s - 5.83t = 

01; c, s = 1/(2)-!(01 - (3) - 1/2(01 + (3); and are plotted for tensile 
strength, t = 40 bars, and crushing strength, s = 500 bars. Failure is 
assumed to occur if the calculated theoretical stress falls into either 
the shear or tensile regime. 
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Stress release near the center of the stock following shear fail

ure may have led to the tapping and emplacement of quartz porphyry 

dikes northwest of the volatile-rich magma at the structural center of 

the stock (fig. 4). Deformational features (fig. 13) and a strike of the 

dikes at approximately 25 degrees from <11' (regional maximum principal 

stress) suggest emplacement into fractures initially developed by a 

shear mechanism. Shear failure around the core of the stock requires 

the model to have pressures in the chamber great enough to drive the 

calculated stresses from the tensile to the shear failure regime when the 

chamber radius becomes 0.5 km or less. 

The stress distribution calculated with a thermal gradient 

(Appendix C) and the mechanics discussed in the previous section have 

been used iteratively to provide the values of magma pressure and 

regional stress that best fit the observed features. The results 

suggest regional maximum and minimum principal stress of 1,350 and 450 

bars, respectively. Magma pressure, initially at 1,350 bars, probably 

increased during crystallization to about 1,600 bars. 

The calculated values of stress indicate the types of failure at 

different places and times during magma crystallization in the chamber 

(fig. 23). While the chamber is large, stress values for the crystallized 

areas plot within the tensile failure regime, but values of stress move 

toward no failure (<13 increases) as the chamber decreases in size. 

Increasing magma pressure drives stresses toward shear failure (<11 

increases). Stress paths outside the initial radius of the chamber (4 

km) always plot in the no-failure region and are directed away from 

failure regimes as distance from the chamber increases. 
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Stress values on a line 30 degrees from regional maximum prin
cipal stress at three stages of crystallization of a 4-km-radius pluton 
are shown (a: 2-km-radius chamber, b: I-km-radius chamber, c: 0.5-km
radius chamber). 
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For example, stress values on a line 30 degrees from the regional 

maximum principal stress at three stages of crystallization are shown in 

figure 23. The long lines to the left correspond to stress values within 

the pluton. The lines begin at the wall of the shrinking magma cham

ber and point toward increased distance from the center. The stress 

values are discontinuous and plot in the no-failure regime (short lines) 

beyond the edge of the pluton (>4 km from center). At angles less 

than 30 degrees to the regional maximum principal stress, the stress 

path for the 0.5-km-radius chamber (c) begins in the shear failure 

regime. 

The calculated model closely fits the observed fracture direc

tions east of the Gunsight fault. A fracture map of the model (fig. 24) 

shows a large area of tensile failure if the chamber is large that 

decreases with subsequent cooling steps. No fractures occur in an 

arcuate zone around the chamber and centered on 03' (regional minimum 

principal stress). The area of no-failure broadens considerably as the 

chamber decreases in size. When the radius is 0.5 km, increased pres

sure produces shear failure at the margins of the chamber (fig. 24). 

The western side of the Gunsight fault may be a structurally 

higher portion of the stock. Radial fractures have less deflection and 

in several places continue beyond the contact into the Precambrian host 

(fig. 16). These features are interpreted to have developed in 

response to higher magma pressure and less differential regional stress 

in the upper portions of the pluton. 
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Estimated Theoretical Strain 

Although fracture density and aperture cannot be predicted by 

this model, relative fracture densities might be approximated by con-

touring theoretical strain values at each point where fracture occurs. 

During brittle failure, changes in the shape of the pluton resulting 

from strain are accommodated by fractures. If the stress and strain 

are assumed to be linearly related (Hooke's law) and the rocks of the 

stock homogeneous and isotropic, shortening in the x-direction because 

of 0 is 
x 

= 0 IE x 

where the coordinate system defined by x, y, and z corresponds to the 

directions of the principal stresses, 01' 02' 03' Stresses 0 and 0 , y z 

however, also contribute to an elongation in the x-direction: 

and 

-e: = 0 ImE 
x 2 y 

= 0 ImE z 

where m is Poisson's number. 

is: 

Thus, total strain in the x-direction due to triaxial compression 

e: x 

= (l/E)(o - (l/m}(o + 0 » x y z 



Strain energy, w (J/cm 3 ), is: 

w = icrE: 

= cr 2 /2E 

Combining the last two results gives: 

Strain in two dimensions can be similarly derived: 

Results from the model of stress distribution are contoured in figure 

25. 
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Values of strain are highest when the size of the pressurized 

chamber is large and decreases at subsequent cooling steps (fig. 25). 

High values of strain result from large values of equilibrium stress 

while the crystallized rind of the model has a high temperature 

gradient. As previously noted, measured fractures have widths or vein 

fillings greater than 0.5 mm. Most fractures within the stock appear 

tensile and are filled with undeformed vein minerals. Consequently, 

fracture densities may be roughly proportional to unit volume change or 

strain. Highest fracture densities might be expected near the margins 

and the center of the model pluton, particularly as the angle of the 

radial fracture set approaches the direction of maximum principal 

stress. An arcuate zone surrounding the center and centered where 

the minimum principal stress is parallel to the radius would remain 

un fractured • 
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Comparison of Strain to Measured 
Fracture Densities 

In a general way, predicted strain corresponds with radial 

fracture density in the Diamond Joe stock. An arcuate zone of low 
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fracture densities centered on Diamond Joe Peak surrounds the core of 

the stock. Likewise, high fracture densities occur along the Gunsight 

fault to the north-northwest and in the outer portions of the stock to 

the south-southeast. Moderately broad areas of low radial fracture 

densities occur in the northwest and southeast and reflect both lower 

values of differential stress as 0"3' is approached and the difficulty of 

defining the radial set because of large deflection angles (fig. 19). 

Fracture densities in the western portion of the stock appear to 

have been controlled by magma pressure and offset by the more ellipti-

cal chamber geometry that produced higher values of stress concen-

trated near 0"3'. 

The effect of an exsolved fluid phase acting as a penetrating 

fluid from the crystallizing core of the stock would be to reduce magma 

pressure required for failure. Qualitatively, this would result in low. 

radial fracture densities in the areas where fractures are not predicted 

by the model (fig. 25). 

Late Fractures 

It is important to emphasize that the model applies only to frac-

tures developed during crystallization of the pluton. In addition to the 

dominant radial fracture set, many areas of the stock also show a 

younger subordinate conjugate set of possible tangential fractures (fig. 

15). Late shallow-dipping shear fractures are locally abundant at depth 
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on the west side of the Gunsight fault (Wilkins, 1981, personal com

mun.). Also present are low-temperature (less than 2000 C) unaltered 

veins (Chapter 5) that are radial about the center of the stock near the 

core. These structural features probably developed from stress and 

strain generated by continued cooling of the pluton after complete 

crystallization. No attempt was made to model their origin. 

Structural Evolution 

Early in the Laramide orogeny, tectonism and magmatism in 

southwestern United States was influenced by the east-northeast

directed subduction of the Farallon plate beneath the North American 

plate (Coney, 1972; Heidrick and Titley, 1982). The dominant regional 

stress was maximum compression oriented east-northeast with differential 

uplift along north-northwest to northwest elongate arches (Rehrig and 

Heidrick, 1976). The basement-cored Hualapai Mountains probably rep

resent a remnant of differential uplift during the Laramide. Davis 

(1980) postulates that contemporaneous with compressional shortening, 

Laramide plutons may have helped accommodate a moderate crustal dila-: 

tion. lIPassive" emplacement of the Diamond Joe magma during crustal 

dilation is suggested by the lack of evidence for stoping and the lack 

of brecciation along the contacts. Schmidt (19"11) and Balla (1972) 

separately have shown through regional mapping that Laramide plutons 

are more often emplaced along east-northeast linear zones. The areal 

geometry of the Diamond Joe stock (fig. 2) shows at least a partly 

elliptical shape with the long axis directed east-northeast. This config

uration suggests emplacement into a stress regime with maximum 



principal stress directed east-northeast and minimum principal stress 

directed north-northwest (fig. 26a). 
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During inflation of the chamber and uplift of the basement, 

gravitational forces may have led to vertical orientation of minimum 

principal stress because many early pegmatite- and aplite-filled 

structures show a low angle of dip (fig. 17). It was shown that, as 

crystallization proceeded, fracturing within the stock was predominantly 

controlled by regional, magmatic, and thermal stresses. A dominant 

radial pattern of fractures with strike deflection to the north and south 

of an east-northeast axis is apparent. A simple analytical model of 

fracturing requires a north-northwest-oriented maximum regional stress 

for this fracture geometry. 

Anticlinal uplift of the basement was probably contemporaneous 

with intrusion, and local shallow crustal stresses related to arching 

developed. Decrease of stress perpendicular to the axis of uplift 

resulted in the reversal of maximum and minimum principal stress 

directions (figs. 25a and 25b). The changing direction of maximum 

principal stress during emplacment and fracturing of the pluton is evi

dence for such a model and is consistent with a Laramide-style of 

deformation presented elsewhere (Rehrig and Heidrick, 1976). 

Rehrig and Heidrick (1976) have shown that west-northwest

directed compression during the mid-Tertiary in Arizona led to north

east dilation. The nature of this deformation is exemplified by the 

west-northwest orientation of dikes and veins at Oatman, 50 km north

west of the Diamond Joe stock. A series of postalteration, west

northwest-oriented lamprophyres within the Diamond Joe stock (fig. 2 
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a. East-northeast-directed compression during early Laramide 
orogeny led to crustal dilation and subsequent emplacemertt of pluton. 
b 0 Minimum and maximum principal stresses are reversed in shallow 
levels of crust with development of Hualapai arch. Radial fractures 
developed during crystallization of stock are deflected into the direction 
of the minimum stress. c. Normal faulting (Gunsight fault) continued 
parallel to the Hualapai arch and minimum principal stress during 
Laramide uplift. 
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and Appendix B), often following radial fractures that developed ear

lier, suggests that the dikes are of mid-Tertiary age. 



CHAPTER 5 

HYDROTHERMAL ALTERATION 

Fractures formed during crystallization and cooling of magma 

constituted flow channels that controlled the abundance and distribution 

of hydrothermal alteration in the Diamond Joe stock. The thermal per

turbation caused by emplacement of the pluton generated the potential 

field for hydrothermal fluid circulation. This chapter describes the 

relationship between fractures and the distribution of alteration effects 

in the stock. Fluid-inclusion data and mineral stabilities are examined 

to determine alteration fluid composition and temperature. 

Zones and Distribution of Alteration 

The distribution of alteration minerals is concentrically zoned 

with respect to the center of the stock (fig. 27). Although there is 

some overlap and temporal variation in distribution, mineral zoning out

ward from the center consists of K-feldspar, K-feldspar+muscovite, K

feldspar+muscovite+chlorite, albite+muscovite+chlorite, and albite+

chlorite+epidote. A later alteration event producing fine-grained 

muscovite (sericite)+K-feldspar, argillic, or carbonate alteration is 

superimposed on earlier alteration. This relationship is best developed 

east of the Gunsight fault (fig. 28). Quartz and pyrite or iron oxide 

are usually found in each alteration assemblage. 

The alteration is zoned around fractures. Commonly, alteration 

selvages of a few centimeters surround large unaltered matrix blocks. 
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AM: AMPHIBOLE 

BIO: EARLY BIOTITE 

Figure 27. Zones of early or main-stage alteration within the 
Diamond Joe stock 
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Pervasive alteration has occurred only in small areas near the center of 

the stock (fig. 4). 

The abundance of alteration, not apparent in figures 27 and 28, 

varies greatly over the stock and within individual alteration zones. 

Zones of most abundant alteration correlate with zones with highest 

values of overall fracture density (fig. 18). 

Mineralogy 

K-feldspar and muscovite are abundant in many areas of the 

stock. The composition of these minerals is described in this section 

and the environment, paragenesis, and composition of some other alter

ation minerals are tabulated. 

Alkali Feldspar 

Microprobe analyses of vein and selvage alteration feldspars 

indicate that they are nearly pure albite or K-feldspar (fig. 29). The 

broadened solvus of alkali feldspars at low temperature indicates that 

alteration feldspars equilibrated with low-temperature hydrothermal 

fluids. The general trend of feldspar composition shows increasing 

solid solution for relatively older and more centrally located alteration 

assemblages, reflecting a higher temperature of formation (figs. 27 and 

28). 

X-ray diffractometer analysis of alkali feldspars using the 

IIthree-peak" method of Wright (1968) was carried out to estimate the 

structural configuration of the feldspars for use in thermodynamic cal

culations. Measured 28 values of 201, 060, and 204 (table 6) can be 

empirically related to a, b, and c cell parameters, respectively, The 
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Table 6. Powder diffraction data for secondary alkali feldspar 

K -feldpsar 29 CuKa 1 

Sample =It 201 060 204 201 (calc) fl201 

SWVUG 21.05 41.83 50.61 21.24 0.19 

2-1997.5 20.95 41.81 50.63 21.30 .35 

830D 20.90 41. 78 50.62 21.13 .23 

253A 20.97 41.82 50.61 21.20 .23 

NEVUG 21.14 41.86 50.79 21.54 .40 

208A 21.08 41. 75 50.62 21.23 .15 

296A 21.08 41.88 50.65 21.37 .29 

800E 20.98 41.88 50.62 21.43 .45 

206A 21.01 41.89 50.69 21.40 .39 

2-730 21.02 41.86 50.59 21.25 .23 

Albite Intergrowth 29 

201 060 204 

22.12 42.58 51.06 

22.09 42.50 

22.07 42.50 51.18 

22.09 42.51 51.30 

22.14 42.57 

22.16 42.60 51.22 

22.11 42.53 

22.12 42.58 51.23 

22.11 42.53 

a-
00 
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structural configuration can be estimated from a plot of 28 (060) versus 

28 (204) obtained from feldspars of known structural configuration. 

Values of 28(060) and 28(204) shown on figure 30 indicate that the ana

lyzed feldspars have structures intermediate between maximum microcline 

and orthoclase. Generally, feldspars from either miarolytic cavities or 

wide (>5 cm) quartz veins near the margins of the stock have a 

somewhat more disordered structure than K;:-feldspars associated with 

sericite and muscovite alteration. The sluggish nature of the Al-Si 

ordering (Martin, 1974) implies that the present structure is probably 

similar to that of the original equilibrium structural configuration. 

Muscovite 

Muscovite is a common alteration phase in the stock (figs. 27 

and 28) as coarse crystals in vein fillings, selvages, and miarolytic 

cavities. Veins that appear to cut early coarse muscovite-bearing 

assemblages have fine-grained and microcrystalline sericite. Hydrother

mal sericite also occurs in the host Precambrian rocks in contact with 

the stock near the Leviathan vein (fig. 2). 

The variety of textures and environments implies that the com

position of muscovite may vary. Compositions of muscovite from the 

Diamond Joe stock (table 7) were determined to investigate the stability 

of muscovite solid solution during hydrothermal alteration. The vari

ation exhibited by muscovite solid solution composition is small; most of 

the average muscovite microprobe analyses have a mole fraction composi

tion of approximately 0.80 muscovite (KA1
3

Si
3

0 10 (OH)2)' 0.16 celadonite 

(K(Mg,Fe)AlSi40
10

(OH)2)' and 0.04 pyrophyllite (A12Si40 10 (OH)2)' 
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Cross contours are values of 29 (201) in unstrained feldspars 
(Wright, 1968). Dots represent secondary feldspar. Cross is datum 
for miarolytic microcline perthite. 



71 

Table 7. Representative secondary muscovite analyses 

Mineral Assemblage a 

a b c d e 

ComEosition (wt %) 

Si02 48.34 47.74 48.76 50.01 46.34 

Al20 3 30.03 29.61 29.92 29.10 33.17 

TiO
t 

.65 .72 .29 .09 .24 

FeO 3.92 4.86 3.69 3.31 5.07 

MnO .23 .15 .32 .08 .00 

MgO 1. 66 2.14 1.84 2.23 1.03 

CaO .01 .00 .09 .02 .00 

K20 10.70 9.99 9.78 10.23 10.97 

Na20 .19 .24 .06 .03 .35 

F .44 .92 .24 .43 .24 

Total 96.17 96.37 94.99 95.53 97.41 

Number of cations Eer 23 ° 
Si 3.25 3.22 3.28 3.35 3.09 

Al(T) .75 .78 .72 .65 .91 

Al(O) 1.62 1. 58 1.66 1.64 1. 70 

Ti .03 .04 .01 .00 .01 
Fe2+ .22 .27 .21 .19 .28 

Mn .02 .01 .02 .01 .00 

Ca .00 .00 .01 .00 .00 

K .92 .86 .84 .87 .93 

Na .02 .03 .01 .00 .05 

a. a - K-feldpsar+muscovite+quartz+pyrite±f1uorite 
b - muscovite+pyrite 
c - albite+muscovite+epidote+quartz±pyrite 
d - sericite+K-feldspar+quartz+pyrite 
e - K -feldspar+muscovite+quartz+pyrite; compare with 

sample d, coexisting sericite. 

b. All Fe reported as FeO. 
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Average analyses for different alteration assemblages overlap and do not 

define discrete fields (fig. 31). One exception is the composition of 

late fine-grained sericite (table 7 and fig. 31). These micas have lower 

muscovite and higher pyrophyllite proportions (fig. 31), although they 

are in contact with coarse muscovite of different composition (table 7 

and fig. 31). Apparent equilibrium between these compositionally dis

tinct muscovites may be the result of different surface energy or struc

tural contributions to free energy or to the difficulty of analyzing the 

finely crystalline sericite. 

Sodium may replace potassium in the interlayer site of musco

vites, but in all analyses the substitution is less than 10 percent (table 

7), indicative of the limited solid solution of paragonite (NaAI3-

Si
3

0 10 (OH)2) and muscovite at low temperatures (Hurlbut and Klein, 

1977) • 

Although muscovite apparently formed under widely different 

conditions during hydrothermal alteration, limited compositional variation 

precludes use of muscovite as an indicator of pressure, temperature, 

and fluid composition during alteration. 

Chlorite and Epidote 

Chlorite and epidote are the only common iron-bearing silicate 

alteration minerals that occur in the Diamond Joe stock (table 8). 

Alteration biotite and amphibole are of minor amount and of limited areal 

extent (fig. 27). Chlorite generally occurs as alteration of primary 

biotite and is found near the contacts of the stock (fig. 27). Epidote 

is less common and often forms thin vein fillings along fractures near 
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Figure 31. Plot of mole fraction muscovite, celadonite, and 
pyrophyllite component in analyzed muscovite solid solutions in different 
alteration assemblages 

Each point represents three or more analyses. 
assemblages included pyrite, hematite, or magnetite. 

Nearly all 
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Table 8. Representative chlorite and epidote analyses 

Mineral Assemblage a 

a b c d 

Si02 37.06% 37.79% 28.32% 25.84% 

MgO .03 .00 16.53 16.00 

Ti02 .08 .10 .01 .04 

FeO
b 9.73 11. 60 23.15 23.18 

MnO '.94 .19 .69 1.08 

Cr20 3 .00 .00 .00 .07 

Al20 3 25.39 24.11 19.10 21.24 

Na20 .02 .01 .03 .01 

K20 .00 .03 .03 .03 

F .00 .10 .11 ND 

Total 94.04 97.76 88.11 87.42 

a. a - epidote, muscovite+albite+epidote+quartz+pyrite 
b - epidote, K-feldspar+muscovite+quartz±epidote 
c - chlorite, muscovite+K-feldspar+quartz+chlorite+pyrite 
d - chlorite, muscovite+k-feldspart+quartz+chlorite+pyrite 

b. All Fe reported as FeO. 
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the contacts and within Precambrian mafic rocks. Epidote occasionally 

coexists with sphene and chlorite as a replacement of primary biotite 

and plagioclase. 

Other Minerals 

The paragenesis, extent, and environment of other alteration 

minerals together with K-feldspar, albite, muscovite, chlorite, and 

epidote are given in table 9. 

Fluid Inclusions 

Homogenization temperatures and salinities of fluid inclusions 

were used to define the physical conditions during the later stages of 

hydrothermal alteration in the Diamond Joe stock. Selection of 17 

quartz and 6 fluorite samples from various parts of the stock was 

directed toward obtaining several samples from each alteration assem

blage. Fluid inclusions were not found in muscovite. 

All the inclusions homogenized at temperatures below 400°C. 

Medium- to high-density low-salinity fluid inclusions are the most abun

dant in all assemblages (fig. 32). Daughter products were not detected 

in any of the examined inclusions. Approximately 10 percent of the 

inclusions in quartz associated with the sericite-microcline-quartz 

assemblage (fig. 28) contain a discrete CO 2 phase. Low-density or 

high-salinity fluid inclusions do not occur in any of the studied 

samples. Generally, it was not possible to differentiate between pri

mary and secondary fluid inclusions. 

Local pressure conditions at the time of trapping are uncertain 

but are assumed to be controlled by a hydrostatic column of fluid at 
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Table 9. Paragenesis, extent, and environment of alteration minerals 

Paragenesis 

Mineral Abundancea Early Middle Late Environmentb 

albite 
microcline 
orthoclase 
quartz , 
chalcedony 

muscovite 
biotite 
chlorite 
kaolinite 
mon tmorilloni te 

amphibole 
sphene 
beryl 
epidote 
tourmaline 

calcite 
dolomite 
azurite 
malachite 

barite 
anhydrite 
gypsum 
fluorite 

huebnerite 
scheelite 

magnetite 
hematite 
rutile 

pyrite 
chalcopyrite 
molybdenite 
galena 
sphalerite 

c x 
vc x 

c x 
vc x 

r 

vc x 
vr x 

c x 
r 
r 

r 
r 

vr 
c 

vr 

c 
r 
r 
c 

r 
c 
r 
c 

r 
r 

c 
c 
r 

vc 
r 
r 
r 

vr 

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 
x 
x 

x vf-rp 
x vf-rp 

vf-rp 
x vf-rp 
x vf 

x vf-rp 
vf-rp(?) 

x rp 
x rp-w 

x 

x (?) 

x 
x 

x 
x 

x 

x 
x 

x 

x 
x 
x 
x 
x 

w 

vf 
rp 
vf 
vf-rp 
vf 

vf-rp 
vf-rp 
w 
w 

vf 
vf 
w 
vf-rp 

vf 
vf-rp 

vf-(rp) 
vf-rp 
rp 

vf-rp 
vf-rp 
vf 
vf 
vf 

a. vc=very common; c=common; r=rare; vr=very rare. 

b. vf=vein filling; rp=replacement; w=product of weathering. 



Figure 32. Fluid inclusion data 

a. K-feldspar+muscovite+quartz±fluorite±calcite alteration from 
center of stock. Many inclusions are secondary and appear to repre
sent fluids trapped during continued fracture opening during cooling of 
pluton. Measured inclusions are in either quartz or fluorite. (Samples 
900B, 315A, 901P, 306A) 

b. Late quartz veining with no associated alteration halo from 
central portion of stock. (Samples 235A, 828A) 

c. Quartz crystal cut perpendicular to c-axis, showing pro
gressive cooling toward margins of crystal. Associated with K-feldspar
+ muscovite+quartz±fluorite alteration near center of stock. (Sample 
DJ-IB) 

d. Samples of quartz veins obtained from center of stock which 
show increasingly higher homogenization temperatures near margins of 
veins. (Samples DJ-IC, 225A) 

e. Inclusions measured in quartz from wide (>5 cm) mineralized 
(chalcopyrite, molybedenite) veins sampled from margins of stock. 
Associated with K-feldspar+muscovite+quartz+pyrite±chlorite±fluorite 
alteration. (Samples AM-I, DJ-8, GDJ 1-2180) 

f. Narrower unmineralized quartz veins from margins of stock. 
Associated with muscovite+quartz+chlorite+pyrite alteration halos. 
(Samples 829E, 828E, 901J) 

g. Quartz obtained from vemmg associated with late sericite+ 
K-feldspar+quartz+pyrite alteration east of the Gunsight fault. These 
samples generally have 5 to 15 percent of the inclusions containing a 
separate CO

2 
liquid phase. (Samples 800H, 830C, 826B) 

h. Secondary fluid inclusions from miarolytic quartz crystals or 
quartz generated from volatile ex solution at magmatic temperature (figs. 
10 and 11). No primary inclusions were noted. The small size of the 
inclusions precluded determination of salinities. (Samples 900C, CV, 
831A) • 

Sample localities are shown in figure A-I (Appendix A). 
Shaded and unshaded data are for primary and secondary inclusions, 
respectively. Shaded data in all other samples indicate undifferentiated 
primary and secondary inclusions. 
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approximately 750 bars. This pressure is consistent with the shallow 

depths of emplacement « 1-2 km) of upper portions of other altered 

porphyry systems (Titley and Beane, 1981). A confining pressure of 

750 bars gives a temperature correction of approximately 50°C for low 

to medium salinities and homogenization temperatures below about 400°C. 

Approximate pressure-corrected filling temperatures for the inclusions 

studied fall between HOoC and 400°C. 

Fluid inclusion homogenization temperatures show higher fluid 

temperatures in the outer zones of alteration. Quartz and fluorite 

obtained from quartz-muscovite-K-feldspar assemblages (samples 900B, 

315A, 901F, 306A, and 828A) and quartz veins with no alteration 

selvage (sample 235A) have homogenization temperatures below 200°C. 

Many obviously secondary inclusions in these samples do not have a 

nucleated vapor phase at 25°C, suggesting very low fluid temperatures 

( < 100°C) at the end stages of hydrothermal alteration. A decrease in 

fluid temperatul"e as veins were filled is indicated by the homogenization 

temperature pattern in a quartz crystal cut perpendicular to the c-axis 

in sample DJ-1B (fig. 32) and the general decrease in temperatures 

inward from vein walls in other samples (samples DJ-IC and 225A). 

Wide (>5 cm) veins along the margin of the stock (samples 

AM-I, DJ-8, and GDJ 1-2180) contain inclusions that homogenize at the 

highest temperatures recorded (250°C-375°C). Minor chalcopyrite and 

molybdenite mineralization occurs in these veins. Narrower « 5 cm) 

veins without mineralization (samples 901J, 828E, and 839E) have 

homogenization temperatures that are 150°C lower than those for wide 
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veins but are still approximately OOC to 50°C higher than those for 

veins located near the center of the stock. 

Quartz associated with late sericite+K-feldspar alteration 

(samples 800H, 830C, and 826B) reveal homogenization temperatures of 

approximately 150°C. Quartz from irregular pods and vugs (samples 

CV, 900C, and 831A), thought to be precipitated at magma solidus tem-

peratures (fig. 10), have only secondary inclusions that homogenize at 

less than 150°C. The lack of fluid inclusions that homogenize above 

400°C may be relat'ed to increased silica solubility with decreasing 

temperature at supercritical temperature and pressures below 1 kilobar 

(fig. 33) (Norton, 1982). 

Freezing-point depression of inclusions was used to estimate 

NaCI equivalent salinities of hydrothermal solutions (fig. 32). All 

measurements indicate salinities of 15 weight percent NaCI equivalent or 

less. In general, lower homogenization temperature inclusions are less 

saline. 

Phase Equilibria 

The common occurrence of alteration muscovite, K-feldspar, 

albite, quartz, and calcite in many areas of the stock suggests that 

hydrothermal alteration can be modeled in the system Na20-K20-AI20 3-

CaO-Si0
2
-H

2
0-C0

2
• The paucity of hydrothermal biotite and amphi

bole, although often very common in other porphyry systems, indicates 

th 1 1 f Fe2+ and Mg2+ t··t d· h d th 1 It ra er ow va ues 0 ac IVI y urmg y ro erma a er-

ation of the Diamond Joe stock and, in, part, reflects the felsic char-

acter of both the pluton and host rocks. 
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Crosshatching shows area where cooling above the critical point 
at a constant pressure below 1 kilobar will increase solubility of quartz. 
Data from Walther and Helgeson (1977, table 4, p. 1338). 
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A series of activity diagrams was constructed using thermo-

dynamic data from Helgeson and others (1978) and temperature data 

from fluid inclusions (previous section). Nonstoichiometry of minerals 

was treated according to activity-composition relationships described in 

Appendix D. Pressure variation also affects mineral stabilities but is 

insignificant for the depth and pressure ranges of the Diamond Joe 

stock. A pressure of 750 bars was chosen for all calculations. 

Mineral Assemblages and 
Fluid Composition 

The mineral assemblage K-feldspar+muscovite+quartz is widely 

distributed in much of the stock (figs. 27 and 28). Albite occasionally 

occurs as either an additional phase or as a replacement of K-feldspar. 

Montmorillonite and kaolinite rarely occur. These assemblages indicate 

that fluid composition was maintained near a value of log activity K+ IH+ 

of 4 and log activity Na + IH+ of 6 or less during most of the 

hydrothermal alteration that occurred below 400 0 C (fig. 34). The 

widespread occurrence of muscovite solid solution in nearly all 

assemblages (figs. 27 and 28) is consistent with the stability of 

muscovite over a wide range of temperature and fluid compositions (fig. 

34) . Figure 34 also indicates that Na-K exchange equilibria of fluid 

and muscovite solid solution was little influenced by temperatures below 

Mineral stability fields for log activity Ca2+ I (H+):t versus log 

activity K+ IH+ (fig. 35) show that the average composition of epidote 

solid solution (table 8) defines a large stability field, particularly with 

increasing temperature. The high Fe3+ content of epidote (table 8) 
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Fig 35. Log activity Ca2+/(H+)2 versus log activity K+/H+ at 
200°C and 350°C and 750 bars 

Unit activity is assigned to solid phases and water, except 
muscovite (log a=-0.25) and epidote(ss) (log a=-0.95 for clinozoisite). 
Diagrams were constructed at quartz saturation (log aSi0

2 
(aq) = -2.34 

and -1. 77), and aluminum is conserved among solid phases. 
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results in a correspondingly low activity of c1inozoisite in epidote solid 

solution (Appendix D) with the result that the stability field for epidote 

expands considerably over other phases. Epidote generally occurs 

along the margins of the stock and locally in Precambrian host rocks 

where more mafic units are situated (fig. 2). Relatively high values of 

activity Fe
3

+ / (H+) 3 are reflected in the stability of hematite and Fe-rich 

epidote. 

Near the margins of the stock the assemblage muscovite solid 

solution+K-feldspar+epidote+quartz+calcite commonly occurs. Epidote 

generally disappears toward the center of the stock, possibly as a 

1 f d ... f F 3+ d C 2+ fIll resu t 0 a ecrease In actIvlty 0 e an a away rom oca y 

fractured mafic Precambrian host rocks. The occurrence of calcite in 

these assemblages allows for either a minimum or explicit determination 

of fCO in the hydrothermal fluid (fig. 35), using the equilibrium 
2 

reaction: 

At low fugacities of CO2 ' calcite is more likely to be -precip

itated with the observed assemblages at low temperatUl"es. Note the 

decrease of CO2 fugacity in equilibrium with the assemblage K-feldspar+ 

muscovite (ss)+epidote (ss)+quartz from 282 to 0.355 bars at 350 0 C and 

200oC, respectively (fig. 35). Because calcite generally occurs in 

alteration assemblages developed under medium as well as low temper-

atures near the margins, but only low temperatures near the center of 

the stock (fig. 32) decreasing fCO is suggested to have occurred in-
2 

ward from the contact. Thus, the carbonate in hydrothermal alteration 
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of the stock may have been contributed from sources in the surround-

ing host rocks. 

Pyrite or pyrite+magnetite or hematite occur in nearly all alter-

at ion assemblages. Generally, hematite is present near the margins of 

the stock, whereas magnetite and pyrite are more abundant near the 

center. This distribution, together with the lack of hydrothermal bio-

2- + + -
tite and alunite, suggests that log a SO 4 (H ) 2 and log a H HS were 

above that allowing for the stability of biotite (fig. 36). The abun-. 

dance of epidote and hematite, particularly in more ferromagnesian 

rocks of the stock and host, may reflect oxidizing conditions that pre-

eluded the development of hydrothermal biotite (fig. 27). 

Muscovite Geothermometry 

The dependence on temperature of pyrophyllite component 

activity in muscovite solid solution in equilibrium with quartz and 

K-feldspar (fig. 37) suggests its use as a hydrothermal geothermom-

eter. Formulation of the geothermometer (Appendix E) indicates that 

the quantity (right-hand side of equation (E-5», 

muscovite (ss) 
log apyrophyllite 

muscovite (ss) 
log a 't mUSCOVl e 

is defined by temperature. The geothermometer is valid at any temper-

ature at which quartz, K-feldspar, and muscovite coexist in equilib-

rium. Activity of the pyrophyllite component becomes increasingly less 

sensitive to temperature at higher temperatures (fig. 37). 

The activity of the pyrophyllite component in muscovite solid 

solution was determined by microprobe analysis of muscovites and 
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Figure 36. Log activity HS-H+ versus log activity SO;-(H+)'" at 
300 oC. -- After Beane and Titley (1981, fig. 24, p. 245) 

Diagram was constructed by balancing on Fe. Stability of bio

tite, K (Mg. 65Fe2+. 32Fe3+. 03) AlSi30 10 (OH) 2' relative to K-feldspar+iron 

oxide or sulfide is hatched. The common occurrence of muscovite+ 

pyrite or iron oxide without biotite or alunite in the Diamond Joe stock 
- + 2- + (stippled area) suggests that log aHS H and log aS0

4 
(H ) ... were 

above that required for biotite stability. 
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application of activity-composition relationships (Appendix D). A his

togram of values obtained (fig. 38) suggests fluid temperatures less 

than 400°C with a maximum near 150°C, similar to results obtained from 

fluid inclusions (fig. 32). Unreasonably low values «-2.0) for the 

right-hand side of equation (E-5), Appendix E, may indicate that 

quartz was not in equilibrium with the assemblage. Conversely, 

samples obtained from large milky quartz veins associated with 

K-feldspar+sericite alteration give anomalously high temperatures (fig. 

38), possibly due to supersaturation of silica, although they were still 

well below the limits for the assemblage K-feldspar+muscovite solid 

solution (fig. 38). Supersaturation of silica with respect to quartz is 

not uncommon in active geothermal systems (Ellis, 1979, p. 663). 

Additional variability in the results arises from analytical error, 

the lack of data on the distributIon and oxidation state of iron, the 

possibility of mixed-layer structure (Page and Wenk, 1979), and the 

assumption of complete Al-Si ordering in the tetrahedral site of musco

vite. Assumptions in the model were that K-feldspar is pure and that 

the activity of muscovite and pyrophyllite components in muscovite were 

accurately determined. 

Summary 

Fracture-controlled alteration, zoned concentrically about the 

center of the stock, is characterized predominantly by the development 

of hydrothermal quartz, K -feldspar, muscovite, albite, epidote, and 

pyrite. The abundance of alteration is directly related to fracture 

density. 
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Figure 38. Temperature versus muscovite composition (musco
vite geothermometer) and a histogram of results from microprobe 
analyses 

The histogram shows values of geothermometer (Equation (E-5), 
Appendix E) for muscovite microprobe analyses for the assemblage 
K-feldspar+muscovite(ss)+quartz. Muscovite compositions were calcu
lated using the method described in Appendix D. The lines show cal
culated values of geothermometer for activity Si0il-(aq) at saturation and 
the maximum activity Si0

2 
(aq) for equilibrium 0_ the three phases 

(Appendix E). The shaded histogram values are muscovites from large 
cryptocrystalline quartz veins. 
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Hydrothermal K-feldspar and albite show only minor solid solu-

tion and have structure configurations between intermediate microcline-

orthoclase and low albite-intermediate albite. These data suggest 

partial metastable AI-Si ordering and continued alkali exchange at lower 

temperatures. 

Fluid inclusion data suggest that quartz veining and fluorite 

near the center of the stock record hydrothermal temperatures «2000C) 

less that those near the margins (200 0 C-4000C). Veins located near the 

center of the stock also show decreasing temperatures from the vein 

margins inward, possibly indicating progressive hydrothermal cooling. 

Salinities of all fluid inclusions range from 0 to 15 weight percent NaCI 

equivalent. Paragenetically late inclusions associated with quartz+ 

K-feldspar+sericite alteration occasionally have an apparent CO 2 liquid 

phase. 

Temperatures similar to those recorded by fluid inclusions are 

indicated by fluid+muscovite solid solution+K-feldspar+quartz equilibria, 

but uncertainty in muscovite composition-activity relationships and 

unclear equilibrium phase relationships suggest that calculated tempera-

tures may have significant error. Otherwise, limited compositional vari

ation of muscovite precludes its use as a hydrothermal petrogenetic 

indicator. 

Hydrothermal mineral assemblages suggest that log activity 

K+ IH+ was maintained near muscovite+K-feldspar equilibrium during 

alteration (approximately 4 over a wide temperature range). Similarly, 

the general absence of albite suggests values of log activity Na + IH+ less 

than 6. Higher activities of CO
2

, Ca2+, Fe3+, and 02 near the margins 
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of the stock are indicated by the common occurrence of calcite, epidote, 

and hematite and may reflect mass transfer of these components from 

the host rocks of the stock. 

The overall felsic composition of both the pluton and host rock 

in combination with oxidizing conditions (epidote+K-feldspar+hematite) 

near the margins of the stock may have led to the paucity of hydro

thermal alteration biotite. 



CHAPTER 6 

SYNTHESIS AND CONCLUSIONS 

Regional east-northeast compression during the early Laramide 

orogenic event (Rehrig and Heidrick, 1972) provided the north-north-

west crustal dilation necessary for the ascent and emplacement of the 

Diamond Joe pluton. The general lack of flow foliation, stoping, and 

bret:::ciation suggests that dilation was contemporaneous with magma 

emplacement into the surrounding gneisses and schists. An analytic 

model of stress derived from fracture orientations indicates that the 

prominent radial fracture pattern within the pluton was primarily con

trolled by thermal stress and a regional maximum principal stress 

oriented north-northwest. Apparently, north-northwest-trending uplift 

along or in the vicinity of the pluton led to a shallow local reversal of 

principal stress after emplacement of the magma. A late increase of 

magma pressure, although considered to be of paramount importance in. 

the development of fractures in porphyry copper and molybdenum 

deposits (Burnham, 1979; White and others, 1981) appears to have re

sulted only in dike emplacement near the center of the Diamond Joe 

stock. 

Fluid flow in the Diamond Joe hydrothermal system can be con

sidered by examining the effect of a fractured cooling pluton housed in 

relatively impermeable host rocks «10-14 cm 2 ). Very low permeabilities 

of the host rock are suggested by the abrupt termination of alteration 
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at the margins of the stock (fig. 27). Using a model calculated by 

Norton and Knight (1977, p. 974) produces a schematic pattern of fluid 

flow in the Diamond Joe stock (fig. 39). Most fluid flow will occur in 

the pluton, with latest fluids tending to focus with upward flow above 

the hottest central portion of the pluton. Restriction of fluid circula

tion to within the pluton would readily yield equilibration of the fluid 

with the primary lithology. Low-permeability of the host rocks would 

also limit fluid sources, thereby reducing the amount and diversity of 

fluids available for alteration. 

Although fractures related to crystallization and subsequent 

cooling of the pluton probably developed at high temperatures 

(600°C-700°C) as implied by the filling of radial fractures by aplites 

and pegmatites, no evidence was observed that suggests hydrothermal 

fluid temperatures above 400°C. High-temperature (>4000C) features 

may have been obscured by rapid local equilibration of the hot fluid 

with the primary lithology and subsequent alteration by later cooler 

fluids. 

The most significant amounts of alteration and mineralization 

occur near the margins of the stock where fracture-induced permeability 

and fluid chemical contrast were greatest. Fluid inclusion and altera

tion assemblages suggest temperature in the range of 2S0oC to 400°C. 

Cooling to ambient temperature after final crystallization led to con

tinued radial tensile fracturing near the center of the stock. Passage 

of very cool fluids « IS00C) in this area is indicated by the schematic 

flow model (fig. 39) and fluid inclusion and mineral equilibria data. 

Late cool fluids that circulated entirely within the stock equilibrated 
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Permeability, k, of the _fluton and fractured host-rock roof is 
assumed to be approx2T.rtely 10 cm 20 and of the surrounding Precam-
brian host rocks, 10 cm 2. Arrows show direction of fluid flow; 
lengths are distances traveled during cooling of the pluton. 
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primary igneous rocks. This process resulted in the absence of altera

tion along the margins of late veins near the center of the stock. 

Alteration zoning is similar in most respects to that in porphyry 

deposits (Lowell and Guilbert, 1970), but the alteration is less abundant 

and present over a broader area. Coarsely crystalline muscovite+

K-feldspar in the stock appears to replace the biotite+K-feldspar 

(potassic) zone present in most porphyry copper deposits. Muscovite 

rather than biotite may have developed as a result of more oxidizing 

conditions during alteration (lower Fe2+ activity) and the sustained 

K+ IH+ activity near K-feldspar+muscovite+quartz equilibrium. Late 

quartz+K-feldspar+sericite developed in areas of high fracture density 

east of the Gunsight fault may be similar to phyllic alteration. De

velopment of selvage and vein argillic alteration occurred locally 

between the K-feldspar+muscovite+quartz and quartz+sericite+K-feldspar 

assemblages. An alteration assemblage of muscovite+chlorite+epidote+

calcite±albite±K-,feldspar, generally in the outer portions of the stock, 

is suggested to have developed from addition of calcium, carbonate, and 

ferric iron from surrounding host Precambrian rocks. 

Mineralization appears to have been limited as a result of rather 

low amounts of cC available for metal transport, assuming metals were 

available. Fracture-induced permeability necessary for both transport 

and deposition of metals was generally low in both the center of the 

stock and adjacent Precambrian rocks. Regardless of the metal source, 

low permeability in 'these critical areas may have limited the extent of 

mineralization. 



APPENDIX A 

METHODS OF STUDY AND NOTATION 

Field Methods 

Quantitative data on fracture abundance, attitude, relative age 

relationships, and lithology were determined from over 400 localities 

over the Diamond Joe stock (fig. A-I). Sampling was conducted mostly 

on the eastern side of the Gunsight fault; additional data were ob

tained from unpublished maps by Gulf Mineral Resources (1981). 

The attitude, average separation, continuity, average filling 

thickness, average selvage thickness, and mineralogy of approximately 

1,500 sets of fractures were measured. A t a sample locality, an 

exposure was chosen that best represented fractures in three dimen

sions. All prominently visible fractures in a single exposure or group 

of exposures were measured. Sets of fractures were often separated 

into two or three groups if there were obvious different periodicities of 

vein or selvage thickness. 

A set of fractures is a group of two or more fractures within 

±10 degrees strike of a visual average that have similar structural and 

alteration features. Sampling of alteration, vein fillings, or unaltered 

lithology was done at approximately a quarter of the sample sites. 

Similar techniques were used on several traverses in the host rocks of 

the stock. 
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Analytic Procedures 

Electron microprobe analyses of muscovite, feldspar, biotite, 

epidote, and chlorite were carried out on an automated three-channel 

ARL electron microprobe at The University of Arizona. Simple oxides 

and well-characterized silicate minerals were used as standards. 

Because no standard for muscovite was available, a muscovite sample 

(sample 33SB) was repeatedly analyzed during separate runs to 

qualitatively compare and standardize muscovite analyses. Operating 

conditions were a IS-kV accelerating potential with a 0.012 (muscovite, 

biotite, epidote, chlorite) to 0.30 (feldspar) rnA beam current set on 

brass and a 5-')J m beam diameter. Data reduction followed the method 

of Bence and Albee (1968). 

Eleven samples of alkali feldspar were analyzed using a high-

angle X-ray diffractometer at The University of Arizona. Samples from 

which powder mounts were made were crushed, hand picked, pulver-

ized, and mixed with a small amount of pure crystalline silicon stan-

dard. Goniometer speed was set at -1°/min with a chart speed of -1° / cm. 

Values of 2 e were obtained by measuring peaks as near their tops as 

° possible. The wavelength of CuKa 1 (A=l. 5405A) was used for all peaks. 

The values of 2 e were the average of a single traverse up and down 

for the 2 e scan. 

Analyses of 15 whole-rock samples were done by Skyline Labs, 

Incorporated, Tucson, Arizona. Si02 and Fe20 3 were analyzed by 

atomic absorption and all others by wet chemical techniques. Well-

characterized natural, multi-element standards of igneous rock from the 
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Diamond Joe stock (Gulf Minerals Resources, 1981) were run as stan

dards within the group of samples. 

Petrographic Methods 

Approximately 80 thin sections were studied. Slabs from which 

thin sections were made were stained for feldspar, using standard tech

niques, and were used in conjunction with thin sections. Modal anal

yses of unaltered samples were visually estimated. 

Seventeen doubly polished plates of vein material, generally 

0.25 to 0.50 mm in thickness, and 6 cleavage chip samples of fluorite 

were used for fluid inclusion study. Homogenization and freezing tem

peratures were measured by a thermocouple placed on the sample in a 

gas-flow heating and freezing stage. Samples approximately 3 mm in 

diameter were used. Salinities in terms of equivalent NaCI were calcu

lated from equations provided by Potter, Clynne, and Brown (1978). 

Calibration of the stage for both cooling and heating were routinely 

carried out and indicate maximum total errors of ±15°C for homogeniza

tion temperatures and ±l°C for freezing-point depressions above 

approximately -lOoC. Polished chips were either heated or cooled only 

once to avoid measuring inclusions that had leaked. Unobserved leak

age was checked for by routine reheating of previously measured fluid 

inclusions. 

Thermodynamic Data and Conventions 

The thermodynamic data and associated uncertainties used in 

this study were those reported by Helgeson and others (1978) for min

erals and Helgeson and Kirkham (1974a, 1974b, 1976), Helgeson, 
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Kirkham, and Flowers (1981), and Walther and Helgeson (1977) for H
2

0 

and aqueous species. The data used were based on an intercrystalline 

standard state for solids of unit activity of the pure component and 

standard state for liquids at any temperature and pressure. For 

aqueous species other than H20, the standard state is unit activity of 

the species referenced to infinite dilution in a hypothetical one-molal 

solution. Standard state for gases is taken as unit fugacity of the 

ideal gas at 1 bar pressure and any temperature. The intracrystalline 

standard state for minerals requires activity coefficients of atoms on the 

lattice sites of solid solutions to approach one as the mole fractions of 

the atoms on the sites at any temperature and pressure approach those 

in the thermodynamic components of the solution. The activity of H20 

is assumed to be unity. 

a 

b 

c 

E 

f 

k 

K 

m 

P 

P 
o 

Notation 

activity 

activity of component i in phase 

radius of cylinder 

outer radius of a cylindrical tube (cm) 

-1 -2 Young's modulus (g cm s ) 

fugacity 

permeability (cm Z ) 

equilibrium constant 

Poisson's number 

-1 -2 pressure (g cm s ) 

initial pressure 



r 

s 

t 

T 

v 

w 

x,y,z 

x .. 
1,l 

£ 

a,r 

v 

o 
o 

T 

radius (cm) 

-1 -2· 
cohesive or crushing strength (g cm s ) 

-1 -2 
tensile strength (g cm s ) 

temperature (OC) 

volume (cm 3 ) 

-1 -2 strain energy (g cm s ) 

Cartesian coordinate axes 

mole fraction of element i in site j 

coefficient of linear thermal expansion 

strain elongation 

cylindrical coordinates 

coefficient of internal friction 

Poisson's ratio 

-1 -2 stress (g cm s ) 

initial stress 

stress normal to a surface 

maximum and minimum principal stress 

regional stress or stress applied at infinity 

shear stress 

shear stress in the plane of 01 and 03 

angle between 01' at (a, r) and extension of radius through 

poin t (a, r) measured counterclockwise 
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Mineral Abbreviations 

ab albite 

am amphibole 

an anorthite 

bio biotite 

cc calcite 

cel celadonite 

chI chlorite 

cpy chalcopyrite 

epid epidote 

fl fluorite 

hm hematite 

kaol kaolinite 

kf K-feldspar a 

marg margarite 

mic microcline 

mo molybdenite 

mt magnetite 

mus muscovite 

mus(ss) muscovite solid solution 

or orthoclase 

py pyrite 

pyr pyrophyllite 

q quartz 

po pyrrhotite 

a. KAISi30
S 

in its stable state of substitutional order/disorder at 

any pressure and temperature is termed "K-feldspar." 



APPENDIX B 

DESCRIPTION OF IGNEOUS AND HOST ROCKS 
OF THE DIAMOND JOE STOCK 

Granodiori te 

Equigranular granodiorite occurs along the margins of the stock 

in exposures up to 2 km in width (fig. 2, in text). Rare, xenoliths of 

foliated Precambrian gneiss are found within the granodiorite near the 

contact of the stock. Twinned, regularly zoned plagioclase is the most 

abundant mineral of the rock. Orthoclase, occasionally replaced by 

perthitic microcline, occurs in subequal proportions with quartz. Eu-

hedral hornblende is generally the most abundant ferromagnesian miner-

al near the outer margins of the unit, but biotite becomes dominant a 

short distance inward from the contact. Sphene and magnetite are 

abundant accessory minerals. 

Porphyritic Dacite-Latite 

Several small porphyritic dacite to latite dikes occur near the 

margins of the stock (fig. 2, in text). Most have conspicuous contacts 

in Precambrian rocks but become vague as distance into the stock in-

creases. This suggests a contemporaneous or slightly younger age for 

the dikes than for the granodiorite. 

Phenocrysts (S mm) of euhedral hornblende, biotite, twinned 

and oscillatory-zoned plagioclase are set in a groundmass of finely crys-

talline plagioclase, biotite, K-feldspar, and quartz anhedra. One dike 
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was noted to contain quartz phenocrysts that are embayed and rounded. 

Sphene and magnetite occur as accessory minerals. 

Porphyritic Quartz Monzonite 

Porphyritic quartz monzonite is exposed inward from the grano

diorite as an annular body around the center of the stock (fig. 2, in 

text) • The unit ranges from 2 to 0.25 km in width. Contacts of the 

porphyritic quartz monzonite are generally gradational; the unit is 

distinguished in the field as having less than 10 percent phenocrysts. 

It is very similar texturally and mineralogically to equigranular grano

diorite but contains orthoclase phenocrysts up to 2 cm in size. The 

phenocrysts are perthitic and contain abundant inclusions of subhedral 

plagioclase and biotite. Accessory minerals include sphene and 

magnetite. 

Quartz Monzonite Porphyry 

Quartz monzonite porphyry underlies most of the center 2 km 

radius area of the stock (fig. 2, in text). It is generally less frac

tured than other units and therefore tends to be more resistant to ero

sion. The quartz monzonite porphyry has abundant large (up to 6 cm) 

euhedral K-feldspar phenocrysts that have relief on weathered rock 

surfaces. The phenocrysts are set in an anhedral groundmass of 

quartz, plagioclase, orthoclase, and biotite. Magnetite occurs as an 

accessory phase. 

Three textural varieties of quartz monzonite porphyry occur 

locally. Small bodies with a finely crystalline groundmass are dis

tributed within the coarser groundmass porphyry (fig. 2, in text). 
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Near the outer contacts of the unit, volumes of rock composed entirely 

of K-feldspar crystals occur. In contrast, near the center of the 

stock, areas of groundmass-dominated rock with less than 10 percent 

phenocrysts are present. 

Aplitic Quartz Porphyry 

Dikes and severa] small bodies of columnar-jointed aplitic quartz 

porphyry are exposed near the center of the stock. The largest 

underlies the area in the vicinity of Diamond Joe Peak (fig. 2, in text). 

Within the dikes, the aplitic quartz porphyry has abundant shattered 

euhedral quartz phenocrysts up to 1 cm in diameter and numerous short 

quartz veins. 

The aplitic quartz porphyry has an anhedral granular ground

mass of quartz, orthoclase, and biotite containing phenocrysts of em

bayed anhedral plagioclase and orthoclase. Magnetite occurs as a very 

minor accessory mineral. 

Equigranular Quartz Monzonite and Granite 

Equigranular quartz monzonite and granite are present in small 

dikes and irregularly shaped bodies that crosscut quartz monzonite por

ph yry near the center of the stock (fig. 2, in text). It is composed of 

euhedral to subhedral plagioclase and slightly perthitic orthoclase with 

interstitial anhedral quartz. Minor biotite and magnetite occur as 

accessory phases. 
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Aplite and Pegmatite 

Aplites and pegmatites of the stock generally have tabular 

geometry and thicknesses that range from 1 cm to 1 m. They are rare

ly zoned and have a mineralogy of quartz, K-feldspar, Na-plagioclase, 

and, occasionally, biotite. A histogram of dips (fig. 17, in text) 

indicates emplacement in a bimodal distribution of low- and high-angle 

structures. Where the two sets crosscut, the low-angle set is usually 

older. Most aplites and pegmatites have strikes radial or concentric 

about the center of the stock. 

Post-Laramide Lamprophyre 

Several lamprophyre dikes are exposed in various portions of 

the stock (fig. 2, in text). They are clearly later than alteration, 

although they may occupy fractures that have been previously hydro

thermally altered. Radiometric age of the lamprophyres has not been 

determined, but emplacement only into west-northwest-trending frac

tures suggests a mid-Tertiary age. Chemical analyses (Gulf Mineral 

Resources, 1981) and mineralogy indicate a minette or kersantite 

composition of the dikes. 

Description of Host Rocks 

Granitic gneiss, exposed in contact with the stock along the 

southern and eastern margins, is composed dominantly of microcline 

perthite with abundant exsolved plagioclase having a composition of 

An
12

• A slight foliation is defined by a combination of biotite, finely 

crystalline anhedral quartz, and alkali feldspar. Quartz has a strong 



undulatory extinction suggesting strain. 

magnetite rarely replace biotite. 

Epidote, chlorite, and 
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Schists along the north and west contact of the stock contain 

varying amounts of biotite, plagioclase, quartz, epidote, and chlorite 

with occasional pseudomorphs of epidote and plagioclase possibly replac

ing garnet. 

Slightly foliated gabbro occurs in contact with the stock along 

the north margin and in a few places along the southeast contact (fig. 

2, in text). The gabbro consists of subhedral plagioclase (An30- 42 ) 

that often has an annealed II s hattered ll appearance. Microscopic veinlets 

of alkali feldspar in plagioclase are parallel to foliation. Biotite and 

hornblende occur as an aggregate in discrete large subhedral or small 

euhedral prisms, suggesting pseudomorphic replacement of pyroxene. 

Epidote and magnetite are also present as minor constituents. 



APPENDIX C 

EQUATIONS FOR STRESS CALCULATIONS 

Pressurized Cylinder 

The method of solving for the equilibrium stress distribution 

around a smooth cylinder in an elastic plate is given by Timoshenko and 

Goodier (1970). 

Let aI' and a3' be the maximum and minimum principal stress 

acting at a large distance from the cylinder, where a
l 

is parallel to 

e = 0°, and a rr is the radial stress, a e e the tangential stress, and 'r e 

is the shear stress at point (r, e) in cylindrical coordinates. P is the 

pressure of fluid in the cylinder, and b is the radius of the cylinder. 

Compressive stress is positive. At any point in the solid: 

al + 0"3 al - a3 kb z 4b z 3b4 

a = + [ ][z;r + (1 -7 + -::;tr] cos 2e 
rr 2 2 r 

al + a3 al - 0"3 kb z 3b4 

O"ee = + [ ] [ -::-z- + (1 --::tr] cos 2e 
2 2 r r 

al + 0"3 2b z 3b 4 

't = [ 
2 

] [l + rr - ~]sin 2e 
re r 

where 

The maximum and minimum stresses, al and a3, at point (r, e) are 

then: 
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The angle between 0'1 at (r, e) and the extension of the radius through 

point (r, e) measured counterclockwise, ~, is given by 

tan 2 ~ = 

Thermal Stresses in a Cylindrical Tube 

From Airy's stress function, Parkus (1976) has derived the 

equations for stress in a long cylindrical tube in which heat is flowing 

uniformly in the radial direction to the outer surface, r = c, which is 

at zero relative temperature. Both the outer and inner surfaces are 

free of applied stress. As before, O'rr is radial stress, 0' e e is tan

gential stress, and 're is shear stress, E is Young's modulus, v is 

Poisson's ratio, aL is the coefficient of linear thermal expansion, and 

T(r) and T(a) are the relative temperatures at rand b, respectively. 

The stresses at r in the tube are: 

0' rr 

= 0 

where k = - T (b) !log (bl c). 



APPENDIX D 

ACTIVITY-COMPOSITION RELATION SHIPS 

Significant solid-solution behavior exists in several of the major 

alteration minerals in the Diamond Joe stock. To define more completely 

the thermodynamic stabilities of these minerals, non stoichiometry must 

be accounted for by activity-composition relations for components of the 

solid solutions. 

K-feldspar and Albite 

Alteration K-feldspar and albite have very small deviations from 

pure phases (X :;; 0.95) (fig. 30, in text) and therefore have been 

assigned unit activity. X-ray diffraction data and petrography suggest 

partial, patchy tetrahedral Al-Si ordering and an intermediate ordering 

state between orthoclase and microcline in all samples (fig. 31), but 

because this cannot be explicitly aaccounted for, equilibrium ordering is 

assumed. Thus, maximum microcline is taken as the stable K-feldspar 

phase below about 325°C and orthoclase at higher temperatures. 

Muscovite 

The activity-composition relations for muscovite are derived 

from equations (46), (47), and (48) of Helgeson and others (1978). 

no 
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These expressions for the activity of muscovite solid solution compon-

ents are consistent with random mixing and equal interaction of atoms 

on energetically equivalent sites. 

Application of activity-composition relations for muscovite 

depend on the possibility of interlayer mixing on a molecular level (Page 

and Wenk, 1979). Mixed layers would lead to' anomalous microprobe 

compositional data. Because all the muscovites analyzed were large and 

coarsely crystalline, interlayer mixing is probably minimized (Page, 

1981, personal commun.). 

Epidote 

Calculation of activities and terminology of epidote solid solution 

follow that of Bird and Helgeson (1980). Activity of clinozoisite com-

ponents (Ca2A13Si3012 (OH» in epidote solid solution is taken as: 

Chlorite 

Although attempts to define activity-composition relations for 

chlorite have been made (Walshe and Solomon, 1980; Barton and others, 

1972), the lack of thermodynamic data and the prevalence of interlayer 
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mixing limit the usefulness of chlorite for mi.neral stability calculations. 

Thus no consideration of chlorite solid solution has been made in this 

study. 



APPENDIX E 

DERIVATION OF MUSCOVITE GEOTHERMOMETER 

Equilibrium constants for quartz (Kq ) and K-feldspar (KKf) 

hydrolysis reactions are: 

and 

K = q 

aSi02 (aq) 

a Si0 2 
(q) 

a
K

+ a
A1

3+ (a
H20

)2 (a
Si02

)3 

KKf = a
Kf 

(a
H

+) I:f 

(E-l) 

(E-2) 

The hydrolysis equilibrium constants for muscovite (K ) and mus 

pyrophyllite (K ) components in muscovite solid solution, mus (S5), 
pyr 

are: 

and 

K = mus 

K = pyr 

(a
AI

3+)3 (a
Si02

)3 aK+ (aaH
2
0)6 

mU5 (S5) 6 a
mu5 

(a
H

+) 
(E-3) 

(a
AI

3+) 2 (a
Si02

) 4 (a
H20

) 4 

mU5 (5S) 6 a
mus 

(a
H

+) 
(E-4) 
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If Al is conserved among solids and unit activity is assigned to H20, 

equilibrium of muscovite solid solution+K-feldspar+quartz gives: 

log K - log K - logKf + log K mus pyr q 

I 
mus{ss) mus{ss) = og a - log a pyr mus 

(E-5) 

The left-hand side of equation (E-5) is a function of temperature and 

pressure and is readily determined from the data presented by Helgeson 

and others (1978). Analytic results provide values for the right-hand 

side which can be compared to calculated values. Log K can be re 
q 

placed by any log a
Si02 

(aq) compatible with the assemblage muscovite 

{ss)+K-feldspar. Results from the Diamond Joe stock are given in 

figure 38 (in text). 
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