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ABSTRACT

Fractures in wall rocks of a cooling pluton are 
systematically related to the thermal field associated with 
the intrusion. The fractures are induced by differential 
thermal expansion of rock and pore fluid and are oriented 
normal to the maximum and minimum principal stress direc
tions, which are controlled by a stress field that includes 
gravitational, magma induced, and thermal stresses. The 
dominant component stress is thermal stress, whose direc
tion is normal to the orientation of the contact; therefore, 
the total stress in the wall rocks is related to the atti
tude of the contact surface. The minimal principal stress 
is parallel to the local strike of the contact surface, and 
the maximum principal stress is inclined at some angle to 
the dip vector. A good correlation between fracture orien
tations predicted from the contact attitude and those ob
served at the Cochise Stronghold pluton confirms that this 
model is an accurate depiction of a natural fracture-forming 
process.

x



CHAPTER 1

INTRODUCTION

Virtually all rocks exposed at the Earth's surface 
contain fractures which range in scale from microscopic 
crystal flaws of a few angstroms to regional lithospheric 
discontinuities of several hundred kilometers. These breaks 
localize sliding and separation, thereby controlling the 
mechanical properties of rock, and serve as channels for 
fluid flow and as the loci of economic mineral deposits. 
Consequently, the mechanics and natural occurrence of frac
tures have been extensively studied.

The myriad of fracture configurations observed in 
nature suggest that a variety of processes may lead to 
brittle deformation in rocks, including compressional, 
tensile, and torsional loading. In the vicinity of thermal 
perturbations, fractures appear to be the response of 
porous, fluid-rich rock to temperature increase (Knapp and 
Knight, 19777 Norton and Knight, 1977). These authors have 
suggested that certain fractures adjacent to intrusions are 
thermally induced hydrofractures, the necessary result of 
complex thermal fields controlled by the local geometry of 
the chamber's boundary.
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The purpose of this investigation was to study the 
relationships between the local thermal fields associated 
with the pluton margin, the geometry of the chamber's 
boundary, and the orientations of fractures in the wall 
rocks of a natural system. To establish these relation
ships, the following procedures were employed:

1) A one-dimensional heat tranfer model was con
structed to document the thermal field associated with 
intrusion of magma into host rocks;

2) A thermally induced hydrofracture model was 
developed to predict the orientations of fractures caused by 
near-field thermal effects in the wall rocks of a cooling 
pluton;

3) Fracture orientations in a natural system were 
predicted from the hydrofracture model; and

4) Actual fracture orientations were measured in the 
natural system and compared with the predicted orientations 
to test the thermally induced hydrofracture model.

The Cochise Stronghold, a Mid-Tertiary felsic pluton, 
was chosen for this study because the body is well exposed, 
extensively fractured, and conveniently located. The pluton 
is roughly elliptical in plan view and contains an irregular 
ridge of country rock which extends 7.5 km into the intru
sion. The sedimentary rocks in and around the pluton have 
been hydrothermally and mechanically altered, and a fringe 
of closely spaced fractures occur in the wall rocks along
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the margin of the intrusion. These fractures and a portion 
of the chamber's boundary provided the principal data used 
in this investigation.



CHAPTER 2

GEOLOGIC SETTING

The Cochise Stronghold outcrops in the central portion 
of the Dragoon Mountains, a northwest trending mountain 
range located 2.5 km northeast of Tombstone in the Basin and 
Range province of Arizona (fig. 1). The structure and geo
logic history of the area has been discussed in varying 
detail by Cederstrom (1946), Gilluly (1941, 1956), Keith and 
Barrett (1976), Drewes (1976), and Davis (1979), and the 
following discussion is a brief summary of their work.

The oldest rock unit exposed in the Dragoon Mountains 
is the Pinal Schist, a Precambrian sequence of sedimentary 
and siliceous volcanic rocks which were metamorphosed and 
deformed into tight, northeast-trending folds (Gilluly,
1956) at the close of Precambrian X time (Drewes, 1976). 
Other Precambrian rocks exposed in the region include a 
granodiorite stock, radiometrieally dated at 1655 ± 20 mybp 
(Silver and Deutsch, 1963), 3.5 km to the northeast of the 
study area in the Little Dragoon Mountains, and undated 
granite and quartz monzonite in the Dragoon Mountains 
immediately south of the study area (Cederstrom, 1946, 
Gilluly, 1956). These Precambrian rocks were uplifted and 
eroded prior to the onset of the Phanerozoic.

4
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Figure 1. Location and plan view map of Cochise Stronghold 
pluton.
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During the Lower and Middle Paleozoic, much of Arizona 
and New Mexico was tectonically stable (Coney, 1978), allow
ing the buildup of a thick sequence of shelf sediments. In 
the vicinity of the Dragoon Mountains, the sedimentary pre
cursor to the Bolsa Quartzite was deposited unconformably on 
the Pinal Schist and overlain by a discontinuous sequence of 
shallow-water carbonates and less abundant shales and sand
stones, including the Abrigo, Martin, and Escabrosa Lime
stones. Two minor hiatuses interrupted pre-Pennsylvanian 
sedimentation, but Gilluly (1956) attributes these to fluc
tuations in sea level rather than to tectonic disturbances.

In Pennsylvanian time, the Pedragosa Basin, a narrow 
embayment extending to the northwest from the southeast 
corner of Arizona, began to subside possibly in response to 
the Ancestral Rocky Mountain disturbance (Kluth and Coney, 
1981). The subsidence permitted accumulation of a thick 
sequence of shallow-water carbonates until late in the Early 
Permian. The post-Mississippian stratigraphic section 
accounts for the greatest thickness of Paleozoic rocks in 
Southeastern Arizona, and includes the Horquilla Limestone, 
the Earp Formation, the Colina Limestone, and the Epitaph 
Dolomite. Greenwood et al. (1977) estimate the total thick
ness of the Paleozoic section in the Dragoon Mountain area 
to be 2330 m.

In the Late Triassic, the tectonic stability of the 
southwestern United States was again interrupted by rifting
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and eventual opening of the Gulf of Mexico (Coney, 1978). In 
southeastern Arizona, this event resulted in recurrent 
plutonism and volcanism, high-angle faulting, uplift, and 
rapid subsidence.

Evidence of Early Mesozoic igneous activity in and near 
the Dragoon Mountains is abundant. Upper Triassic Walnut 
Gap Volcanics outcrop in the Little Dragoon Mountains to the 
northwest (Cooper and Silver, 1964), a large body of Gleeson 
Quartz Monzonite, to which Gilluly (1956) tentatively 
assigned Early Mesozoic age, is exposed in the southern 
Dragoon Mountains, and the Cochise Peak Quartz Monzonite, 
also tentatively assigned Early Mesozoic age, outcrops at 
scattered localities in the study area.

Although Cederstrom (1946) contends that the Dragoon 
Mountains show no evidence of pre-Early Cretaceous deforma
tion, subsequent mapping by Gilluly (1956) reveals that the 
Early Cretaceous Bisbee Formation rests in depositional 
contact with deformed rocks as old as the Lower Mississip- 
pian Escabrosa Limestone. This unconformable relationship 
implies that deformation, uplift, and erosion preceded Early 
Cretaceous deposition. In addition, Gilluly identifies a 
high-angle fault in Late Paleozoic rocks which is truncated 
by the Bisbee Formation. Gilluly1s conclusion that the 
Dragoon Mountain region was "powerfully deformed" prior to 
the Early Cretaceous concurs with other observations of 
Early Mesozoic block faulting (Drewes, 1976; Keith and
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Barrett, 1976; Davis, 1979). Based on Gilluly's and Drewes' 
work, it is concluded here that the igneous outpouring which 
produced stocks and lava flows throughout Southern Arizona 
was associated with regional brittle deformation, and was 
followed by uplift and erosion prior to Early Cretaceous 
time.

Following the igneous and tectonic activity of the 
Early Mesozoic, the region began to subside rapidly, allow
ing accumulation of a vast pile of Early Cretaceous sedi
ments. In the Dragoon Mountain region, non-marine members 
of the Bisbee formation were deposited unconformably on the 
Early Mesozoic erosion surface, forming a column of clastic 
sediments which Greenwood et al. (1977) estimate to be 
4,250 m thick. This brief period of rapid sedimentation was 
followed by a minor regional uplift accompanied by limited 
igneous activity, including intrusion of a small granitic 
body near Fourr Canyon in the Latest Cretaceous or Earliest 
Tertiary (Gilluly, 1956).

Beginning in the Late Cretaceous (90 mybp) and persist
ing until the end of Early Tertiary time (50 mybp) (Davis, 
1979), the Laramide orogeny deformed a broad belt of crustal 
rocks extending from Canada to Central America. Believed to 
be a tectonic response to an increase in the rate of conver
gence between the Faralon and North American plates (Rehrig 
and Heidrick, 1976), this orogeny produced a wide variety of 
complex, poorly understood structural regimes. In south
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eastern Arizona, the Laramide orogeny heterogeneously 
deformed pre-Cenozoic rocks and produced a belt of north- 
northwest trending structures in response to east-northeast 
directed compression. Coincident with the deformation was a 
brief (75 to 50 mybp) episode of magmatic activity (Damon 
and Mauger, 1966) .

In the vicinity of the Dragoon Mountains, the Laramide 
orogeny intensely deformed pre-Cenozoic strata, producing 
north-northwest trending folds and overturned folds which 
are cut by north-northwest striking thrust faults and less 
abundant, high-angle reverse faults. Two models have been 
devised to describe the complex structural geology of the 
Dragoon Mountains. In the model favored by Gilluly (1956) 
and Drewes (1976), northeast-directed thrusting transported 
thrust sheets to the northeast, and the strata within these 
imbricated zones were drag-folded by movement along the 
faults. These folded and faulted rocks were then cut by the 
high-angle Black Diamond Fault, which Drewes believes to be 
post-Laramide in age. In an alternate model proposed by 
Keith and Barrett (1976), the Black Diamond fault is con
sidered an Early Mesozoic fault that acted as a buttress 
against which the pre-Bisbee rocks in the region were com
pressed. With increasing compression, the strata were 
folded, oversteepened, eventually overturned, and finally 
faulted by low-angle thrusts. Both of these models share 
the important feature that the rocks of the Dragoon
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Mountains were intensely folded and faulted by the end of 
Early Tertiary time. For the purposes of this study, how
ever, the relative timing of the folding/faulting sequence 
is not significant.

During the mid-Tertiary, Arizona experienced a complex 
episode of explosive magmatic activity that produced vast 
ignimbrite sheets, lava flows, metamorphic core complexes, 
and plutons (Coney, 1980). In the Dragoon Mountains, the 
Stronghold Granite was intruded into the folded and faulted 
Paleozoic and Mesozoic rocks, causing doming of the Laramide 
thrust faults (Gilluly, 1941, 1956) and intrusion of a 
north-northwest trending swarm of vertical dikes in the 
central part of the range. Marvin et al. (1978) report an 
average radiometric age of 24.4 mybp for the granite.
Gilluly (1956) pointed out that the three igneous facies 
present in the intrusion share a common composition and show 
no significant lateral variations throughout the pluton. 
These observations, combined with a lack of field evidence 
for multiple intrusions, suggested to him that the body was 
emplaced in a single event.

Postdating intrusion of the Stronghold granite, the 
Dragoon Mountains were cut and uplifted by high-angle Basin 
and Range faults (Cooper, 1959). Subsequent differential 
erosion along fractures and faults has modified the moun
tains to their present topography.



12

Although a detailed account of the geologic history of 
the Dragoon Mountains is not germane to the problem of 
thermal and mechanical effects of pluton wall geometry, it 
has been included to describe the structural environment 
into which the Stronghold granite was intruded. The preced
ing discussion establishes the following points:

1) Because folding and faulting of strata predated 
intrusion of the Stronghold granite, a pre-existing struc
tural fabric may have controlled the flow of magma into the 
region;

2) The 6.6 km of sedimentary rock that was deposited 
prior to intrusion has been both decreased by erosion and 
increased by thrust faulting. The thickness of overburden 
at the time of intrusion is therefore unknown and must be 
somewhat arbitrarily chosen. For this study, an overburden 
thickness of 3 km has been selected. Because hydrothermal 
fluids boil at pressures corresponding to shallow (1-2 km) 
burial (Norton, personal communication), lack of evidence of 
widespread boiling in the natural system suggests that 3 km 
is probably a minimum value; and

3) The compositional uniformity of igneous rocks 
throughout the intrusion suggests that bulk of the granite 
was intruded in one event. Therefore, in the mathematical 
treatment to follow, injection of the entire body is con
sidered to have been instantaneous.



CHAPTER 3

ONE-DIMENSIONAL THERMAL MODEL

Dissipation of thermal energy from a cooling pluton 
generates thermal fields which exert a controlling influence 
on the chemical alteration and deformation of its host 
rocks. The physical processes which govern heat transfer 
can be described mathematically, and these mathematical 
models allow quantitative analysis of temperature, pressure, 
and temperature-pressure dependent variables in the rocks 
that are affected by the thermal field associated with an 
intrusion (Jaeger, 1968; Norton and Knapp, 1977). Although 
hydrothermal alteration is evident in the field area, the 
pluton is only moderately altered, suggesting that heat 
transfer was predominated by conduction. Therefore, to 
initiate this investigation of the thermal history of the 
ridge of host rock in the study area, a one-dimensional 
conductive heat transfer model was constructed. The model 
and its thermomechanical implications are examined in the 
following section.

Thermal Parameters
The rate of thermal energy transfer by conduction in 

rock is proportional to the thermal parameters of the rock

13
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and the Laplacian of the energy. Expressed in terms of 
temperature, this relationship is given by

(3-1) ~ KV T (Carslaw and Jaeger, 1959)

where K is the thermal conductivity of the rock. Values for 
thermal parameters used in the heat transfer model in this 
investigation have been compiled from the literature, and 
are listed in Table 1. Unreferenced values listed in the 
table have been calculated. To reduce the complexity of 
calculations in the model, it is assumed that the thermal 
properties of intrusive and host rocks are identical and 
independent of temperature. Because the thermal diffusiv- 
ities of sedimentary rocks and granite are nearly equal and 
the change in diffusivity with temperature is small (Clark, 
1966), these approximations do not significantly affect the 
calculated temperature distribution, and therefore calcula
tions based on the parameters listed in Table 1 describe a 
reasonable approximation to the temperature distribution in 
the system.

< The total heat content of an intrusion is a function of 
the volume and bulk chemical composition (Jaeger, 1968), and 
the dissolved volatile content (Kesler and Heath, 1968) of 
the magma. Although the volume of the Cochise Stronghold 
intrusion is unknown, it can be estimated from the surface 
area of the exposed granite, and from the assumed shape and
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Table 1
Thermal Parameters

Variable Symbol Value
Emplacement

Temperature To 750°C

Density Pr 2.62 g/cm

Thermal Conduc
tivity K

7.4 x 10-3 
cal/°C cm sec

Specific Heat S 0.26 cal/g °C

Thermal Diffusivity K 7.6 cm^/sec

Heat Content Q 161.3 cal/g

Total Volume of 
Intrusion (est.) 522 km3

Total Mass of
Intrusion (est.) 1.37 x1018 g

Total Heat Content 
of Intrusion 2.16 x 1020 cal

Source
(Knapp & Norton, 

1981)

(Knapp & Norton, 
1977)

(Clark, 1966) 

(Barnes, 1979)
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vertical extent of the magma chamber. The Stronghold
nGranite has a surface exposure of approximately 87 km , and 

if the chamber is assumed to be a rectangular prism with an 
estimated height of 6 km, the total volume of intruded 
granite was at least 522 km^. The volume-averaged density 
of the Stronghold Granite is 2.62 g/cm^ (Norton and Knapp, 
1977), and therefore the estimated mass of the emplaced 
granite is approximately 1.37 x 10^g.

Heat content, cal/g, of a simple two-phase system is 
given by

(3-2) Q = Cp T + AHr (Jaeger, 1968)

where all symbols are as listed in table 1. However, for 
volatile-rich magmas the equation must be modified to 
include the heat of dissolution of the aqueous phase (Kesler 
and Heath, 1968). Heat of reaction for a volatile-rich 
magma is given by

(3-3) AHC = AHC - AHs

Heat of crystallization, AHC, for granite is 65 cal/g 
(Clark, 1966), and for magma in equilibium with the ambient 
pressure at 6 km depth, aHs = 48 cal/g (Kesler and Heath, 
1968). Therefore, for a granitic pluton at 6 km depth which
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cools from temperature of intrusion, T0, to ambient tempera
ture, Tamb, the total heat content is

(3-4) Q = 0.26(To-Tamb) + 17

In this model, the magma is assumed to have intruded at 
750°C (Knapp and Norton, 1981) and then cooled to approxi
mately 210°C, the average ambient temperature of the system 
for a 35°C/km geothermal gradient. The estimated total heat 
contained in the intrusion is therefore 2.2 x 10^0 cal.

Temperature Profiles
The portion of the natural system that is of interest 

to this investigation is the irregularly shaped ridge of 
country rock that extends into the intrusion. This feature 
has been modeled in one dimension as the margin of a 4-km- 
thick infinite dike which cools by conduction.

The temperature distribution with time for an instanta
neously emplaced infinite dike of thickness 2a can be cal
culated using the integrated form of equation (3-1) with 
appropriate boundary conditions:

(3-5) T0/T = 2 {erf ^ 1/2 ~  ec  ̂  ̂ I7 2 }
2t 2 t

(Jaeger, 1968)
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where t = time (sec), x = distance from dike's center (cm), 
£• = x/a (non-dimensional distance), a = half-width of dike

dimensional time).
If the country rock has an ambient temperature other 

than zero, the time-dependent temperature distribution is

Equation (3-6) describes the change of temperature with time 
for the simple case of a slab of material initially at 
temperature T0 which cools to Taml;).

To describe the temperature change associated with the 
emplacement and solidification of magma, equation (3-6) 
should be modified to account for liberation of the latent 
heat of crystallization during phase changes. The quantita
tive evaluation of the effect of the heat release suggested 
by Jaeger (1968) is not allowed by the geometry of this 
system, however, a qualitative estimate of this effect shows 
that heat released by the process of crystallization main
tains the magma at elevated temperatures for a longer period 
of time than calculated by equation (3-6). The calculated 
profiles therefore show slightly lower temperatures than 
would be experienced by the natural system (fig. 2).

9 • 2(cm), k = thermal diffusivity (cm /sec), and t = <t/a (non

given by
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Actual temperature*

Calculated temperature

Distance from center of Dike

Figure 2. Schematic illustration of the effect of heat of 
reaction on temperature profiles. Calculated 
temperatures in regions close to contact are too 
low if heat of reaction is neglected. Away from 
the contact, the effect is not significant.
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Temperature profiles calculated from equation (3-6) 
exhibit a sigmoid shape which is symmetric about the contact 
from the time of intrusion to approximately 60,000 years 
(fig. 3). After this time, the profiles are symmetric about 
the center of the intrusion and vary smoothly from a maximum 
at the pluton's center to the ambient temperature an 
infinite distance from the contact. With time, the tempera
tures throughout the system descend to the ambient tempera
ture .

The style of temperature change with time differs from 
locations within the pluton to those in the country rock 
(fig. 4). Within the intrusion, temperature decreases expo
nentially from the temperature of intrusion to the ambient 
temperature with time (curve x = -200 m). At locations in 
the host rock, temperature rises from the ambient tempera
ture to some maximum, and then slowly cools to ambient con
ditions (curves x > 10 m). At the contact, temperature 
begins to increase at the time of intrusion, but at loca
tions in the host rock away from the contact, some time 
elapses before temperature begins to rise; this time lag 
increases with distance from the contact.

The maximum temperature achieved at any location in the 
host rock varies as a function of distance from the contact 
(fig. 5). At the contact, the maximum temperature is the 
average of the temperature of intrusion and the ambient 
temperature (Jaeger, 1968), and away from the contact, the
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Temperature profiles across system from one
dimensional model at selected times after in
trusion.

Figure 3.
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maximum temperature decreases with distance to the ambient 
temperature at infinity. An inflection point in the curve 
occurs approximately 100 m from the contact, beyond which 
the maximum temperature achieved by the host rock decreases 
exponentially.

The time at which the host rocks are heated to maximum 
temperature also varies with distance from the contact (fig. 
6 ). At the contact, maximum temperature is achieved at the 
time of intrusion, whereas away from the contact, the peak 
temperature is reached later. Beyond approximately 100 m 
from the contact, the time at which the maximum temperature 
is reached increases exponentially.

The simple thermal model presented above demonstrates 
that emplacement of a magma chamber in the earth's crust 
initiates a pulse of thermal energy which propagates into 
the host rock away from the pluton-host rock contact. Both 
the magnitude and the rate of propagation of the pulse are 
attenuated with distance from the contact.

Properties of Water
The response of porous host rocks to the thermal per

turbation that accompanies emplacement of a magma body is 
governed in part by physical properties of the pore fluid 
contained in the rock. Many lines of geologic evidence 
indicate that pore fluids which occur in crustal rocks are 
dominantly composed of water. Therefore for the tempera-
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tuces and pressure of the modeled system, thermodynamic 
properties for phases of the H^O-system, calculated from the 
equations of Helgeson and Kirkham (1974), were used to 
describe the thermomechanical consequences of heating porous 
fluid-rich rocks.

The pressure exerted by expansion of fluid in an 
isolated fluid-filled pore is related to the isothermal 
expansivity, a, and compressibility, 3 , of water, and the 
rate of temperature change by

8Pf
(3-6) j^r- = (ct/3 )3T/3t (Norton, 1984)

where a positive value of aP^/at is defined as a pressure 
increase. Because the pressure and time dependent tempera
ture distribution for the modeled system are known, the 
fluid properties and rate of pressure change induced by 
thermal expansion of fluid can be calculated.

The temperature and pressure conditions for this system 
lie near the supercritical region for water (Helgeson and 
Kirkham, 1974) in which extrema in many of the fluid proper
ties occur. Consequently, the isobaric thermal expansivity 
of water, a, in the modeled system exhibits large variations 
with time and distance (fig. 7). Throughout the system's 
early thermal history (t < 25,000 years), the maximum a is 
located near the contact, whereas at later times, the maxi
mum migrates inward toward the center of the pluton. This
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Figure 7. Variation in isobaric thermal expansivity of
water, a, across system at selected times after
intrusion.
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variation in the magnitude of a across the system shortly 
after emplacement is significant because it requires that 
for a given temperature increment, the pore fluid expansion 
near the contact is 1.5 times greater than at any other 
location in the system. The rapid temperature increase 
experienced by the host rock near the contact immediately 
after intrusion therefore causes anomalously rapid expansion 
of the pore fluid.

The magnitude of compressibility of water, g, exhibits 
similar large variations at the temperatures and pressure of 
the modeled system (fig. 8 ). Compressibility varies smooth
ly from a maximum in the center of the intrusion to a mini
mum in the center of the ridge of host rock for all times in 
the system's thermal history. Consequently, the rapid 
expansion of pore fluid in the host rock along the contact 
is mitigated by intermediate values of compressibility.

The effect of fluid expansion in confined pores sub
jected to temperature changes is expressed by the ratio a/8 , 
which describes the magnitude of pressure exerted by pore 
fluid expansion in a closed pore with respect to temperature 
change. For this system, maximum a/8 occurs within the 
ridge of country rock away from the contact for all times in 
the system's thermal history (fig. 9). Therefore, a uniform 
temperature increase at any time will induce a change in 
pore pressure in the center of the ridge that is greater 
than at any other location in the system. The magnitude of
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a/e in the host rock near the contact is about three times 
greater than in the pluton.

Profiles of the rates of pore pressure change for this 
system have been calculated at 200 year intervals for the 
first 1000 years after intrusion (fig. 10). These profiles 
illustrate that a pulse of rising fluid pressure migrates 
into the host rock away from the pluton-host rock interface 
in the same manner as the thermal pulse. However, the pres
sure pulse propagates at a much greater rate; after only 200 
years, the pulse has moved 100 meters from the contact. The 
pressure increase is greatest at the contact immediately 
after intrusion, and the magnitude of the pulse attenuates 
exponentially with distance from the contact.

Dissipation of fluid pressure in those pores that are 
continuous over large distances (meters) and intersect other 
pore sets will occur by fluid flow. However, the total 
porosity of most rocks is dominated by isolated pores, and 
therefore this dissipation effect should be small (Norton 
and Knapp, 1977).

Increases of pore fluid pressure on the order of 10 
bars/year are calculated for the portion of this system near 
the pluton-host rock contact, and clearly if these increases 
persist for a period of several tens or hundreds of years, 
the pressure applied by fluid expansion in isolated pores 
may exceed the confining pressure and ultimately lead to 
failure.
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Figure 10. Rate of fluid pressure change near contact at 
selected times after intrusion.
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A reasonable failure law for these conditions can be 
described in terms of effective pressure, Pe, along the pore 
wall:

(3-7) Pe = Pc - p£

where Pc is the confining pressure. Failure occurs when 
pe < Trock' where is the rock's tensile strength.
Because the pressure increase is greatest at all locations 
in the system up to 250 meters from the contact within 1000 
years after intrusion, fractures in the host rock near the 
contact would occur very shortly after intrusion. However, 
the magnitude of the rise in fluid pressure decreases expo
nentially with distance from the pluton-host rock interface, 
therefore the formation of fractures should be restricted to 
locations near the contact. This process of thermally 
induced hydrofracturing is examined in greater detail in the 
following chapter.

Summary
The preceding discussion describes how a magma body 

disperses a pulse of thermal energy into the porous fluid- 
rich host rocks surrounding the magma chamber. This thermal 
energy pulse heats both host rock and pore fluid, and 
thermal expansion of the pore fluid induces large increases 
in pore pressure, ultimately causing the formation of frac
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tures. At the pressure and temperature conditions of the 
modeled system, the fractures that form by this process 
occur within 1000 years after intrusion near the pluton-host
rock contact.



CHAPTER 4

THERMALLY INDUCED HYDROFRACTURE MODEL

Geologists have long recognized the relationship 
between fractures and stress orientations in the Earth's 
crust, and have found that, in general, fractures can be 
divided into two categories: shear and tensile. Shear
fractures form conjugate pairs separated by an angle of 
approximately 60°, which is bisected by the direction of 
maximum principal stress, • Tensile fractures, on the 
other hand, tend to form normal to the direction of minimum 
principal stress, Og, (Hubbert and Willis, 1957; Jaeger and 
Cook, 1979). Many natural systems, however, contain ortho
gonal sets of tensile fractures that are oriented normal to 
both the maximum and the minimum principal stresses 
(Bredehoft et al., 1976; Schaeffer et al., 1979; Holst and 
Foote, 1981). Because fracture orientations can be related 
to the directions of the principal stresses that cause 
failure, the fractured rocks of a fossil magma chamber and 
its surroundings record the temporal stresses around an 
intrusion at the time of fracturing. The theoretical rela
tionship between the stresses and fractures in the wall 
rocks of a cooling pluton is developed in this section.

35
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State of Stress in the Wall Rocks of a Cooling Pluton
The principal sources of stress in the wall rocks of a 

cooling pluton include gravitational body forces, forces 
exerted by the magma within the pluton, and temperature 
changes resulting from intrusion. By the principle of 
superposition, the total state of stress is the sum of all 
the stress components; following this principle, the total 
state of stress in the wall rocks of this system has been 
derived by examining the direction and magnitude of each 
component stress and summing the three components.

As a brief summary of the following analysis, equations 
describing each stress component listed above and diagrams 
illustrating their orientations are presented as figure 
11. Compressive stresses are defined as positive and all 
rocks are considered isotropic and linearly elastic.

Gravitational Stress
Gravitational attraction on the wall rocks at the 

margin of a cooling pluton exerts a vertically directed 
uniaxial stress given by 2

o2 = pcgh
(4-1) (Jaeger and Cook, 1979)
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Sources of Stress in Wall Rocks

1. E ffect ive  Gravi tat iona l  Stress

°z 85 2/3 prgh

o x ~  a y <  a z

A

2. Magma Pressure Induced Stress

Gi =  (prgh +  Pd )

o 2 = o z = 1/3 (R9h + Pd)

3. Thermal Stress

<71= j E a rdT 

o 2 — G 3 =  VsC/EardT) Pluton/Host rock 
Interface

Figure 11. Governing equations and orientations of 
stresses in the wall rocks of a cooling 
pluton.
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where Z is vertical, pc = density of rock column (g/cm^), h 
= depth (cm), and g = gravitational constant (cm/sec ). The 
magnitudes of ax and are poorly known because of complex 
rheology and geometry, but are significantly less than oz 
(Jaeger and Cook, 1979).

Gravitational stress in porous rock is modified by the 
presence of pore fluid, which exerts a hydrostatic pressure, 

opposing the compressive gravitational stress. Hubbert 
and Rubey (1959) proposed that deformation at depth could be 
treated by considering the effective stress, aQ r given by

(4-2) ae = a - Pf

Jaeger and Cook (1979) point out that although the 
theoretical basis for the effective stress modification of 
Hubbert and Rubey is not entirely justified, the approxima
tion is a useful and practical approach to mathematical 
description of the deformation of porous fluid-rich rocks.

If the wall rocks bounding the pluton at depth are 
assumed to contain a network of interconnected pores, then 
the minimum pore fluid pressure is given by

(4-3) Pf = p£gh

where p£ is the density of the fluid. Because pore fluid 
density is approximately one-third the density of rock, the
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minimum fluid pressure is equal to one-third of the maximum 
gravitational stress. The effective gravitational stress is 
therefore a uniaxial, vertically directed stress with a 
maximum magnitude of approximately 2/3pcgh.

At 3 km depth, the magnitude of the maximum effective 
gravitational stress is approximately 670 bars.

Magma Pressure Induced Stress
Magma within an intrusion exerts stresses which contri

bute to the total stress in the wall rocks of a pluton.
These stresses are caused by the hydrostatic magma pressure 
which exerts a compressive stress normal to the pluton-host 
rock interface, and by the flow of molten rock along the 
magma chamber's boundary which exerts a shear stress tangen
tial to the interface. The nature and magnitudes of these 
stresses are examined below.

The compressive stress exerted by magma against the 
wall rocks of an intrusion is equal in magnitude to the 
magma pressure inside the intrusion. Although the magnitude 
of magma pressure in intrusions is not well known, it can be 
estimated from the following broad constraints: the magma
pressure must be slightly greater than the overburden pres
sure at the depth of intrusion to allow inflation of the 
chamber, yet less than the pressure that would cause the 
roof to fail and allow eruption and depletion of the 
chamber. Johnson and Pollard (1973) have considered the
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problem and concluded that magma pressure equals the over
burden pressure, p^gh, plus some driving pressure, ,

caused by buoyancy forces and tectonic forces. Volumetric 
changes during crystallization are an additional component 
of the driving pressure term (Norton and Knapp, 1979).
Magma pressure is given by

(4-4) pmagma “ pr9h + pd

Johnson and Pollard contend that the magnitude of the 
driving pressure can range from 0 to 700 bars for typical 
pluton environments; however, they derive their maximum 
value from the assumption that the intrusion is continuously 
connected to some parent body at the base of a 40 km thick 
crust. Because this assumption does not seem reasonable for 
the Cochise Stronghold pluton, a driving pressure of 200 
bars, corresponding to a much more shallow parent body, was 
arbitrarily chosen.

Assuming that the rock surrounding the chamber is a 
Poisson solid with v = 0.25, the stress induced by hydro
static magma pressure is given by

o1 = pcqh + Pd 

°2 = °3 = 1 (prgh + Pd)

(4-5)
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The maximum stress, , induced by magma pressure is 
directed normal to the pluton-host rock interface as as 
illustrated in figure 11, and at 3 km depth, the magma pres
sure exerts a maximum principal stress of approximately 770 
bars normal to the interface and a confining stress of 
approximately 260 bars parallel to the interface.

A small shear stress, Tmagina, caused by viscous drag of 
magma against the chamber walls will occur during emplace
ment of the magma. For a Newtonian magma, this shear force 
is given by

(4-6) Tmagma = V£low (Pollard, 1973)

where y is equal to the magma's dynamic viscosity and V£jow 
is equal to the flow velocity tangential to the contact 
surface. Pollard (1973) points out that this shear force is 
negligable when compared with hydrostatic magma pressure, 
unless the magma is extremely viscous or flows very rapid
ly. Because there is little field evidence supporting high 
flow velocities or high viscosity magma at the Cochise 
Stronghold, the magma shear force is assumed here to be 
negligible.

Thermal Stress
Because materials expand and contract in response to 

temperature changes, a state of nonhydrostatic stress exists
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in cocks subjected to thermal gradients. One-dimensional 
thermal models (chapter 3) show that large thermal gradients 
occur in the vicinity of magma chambers shortly after intru
sion. Therefore, large thermal stresses are expected in 
these environments.

In three dimensions, the temperature distribution 
around an intrusion is described by some function 
T(X,Y,Z,t), which can be obtained from numerical solutions 
to the equations of heat transfer (Norton and Knight,
1977). If we define an isothermal surface S at some instant 
in time, tQ, such that S is the locus of all points satisfy
ing the relation

(4-7) T(X,Y,Z,t0) = T0,

then by definition, the gradient of S, VS, is normal to the 
the isothermal surface and in the direction of the maximum 
spatial derivative of temperature (Thomas, 1972).

For a confined body subjected to some temperature 
change, dT, thermal stress in one dimension is given by

T2(4-8) °thermal = J Eâ .dT (Knapp and Norton, 1981)
T 1

where E = Young's modulus, and ac = the linear coefficient 
of isobaric thermal expansion of rock. Because the maximum 
spatial derivative of temperature is normal to the iso-
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thermal surface S, the maximum thermal stress must also be 
normal to the isothermal surface by equation (4-8). In a 
plane tangential to S, the thermal gradient is zero at the 
point of tangency, and therefore, by the above equation, the 
thermal stress at that point is zero as well. However,

’ because rocks have finite strength, a uniaxial stress 
applied in one direction induces stresses in the two ortho
gonal directions which are related to the uniaxial stress by 
the ratio  ̂ (Jaeger and Cook, 1979). Again assuming a
Poisson solid, thermal stress at the pluton-host rock inter
face is given by

al = f Ear.dT
(4-9)

°2 = "3 = ? / EacdT

As a consequence of intrusion, a thermal energy pulse 
which is delineated by isothermal surfaces propagates away 
from the pluton-host rock interface. Immediately after 
intrusion, the isothermal surfaces on planar segments of the 
contact away from corners are planar and parallel to the 
surface; at later times, loss of heat from dihedral corners 
control the shapes of the isothermal surfaces (fig. 12) 
(Jaeger, 1961). Because the pulse of rising fluid pressure 
has greatest magnitude very shortly after intrusion (fig. 
10), the isothermal surfaces are parallel to the pluton-host
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Figure 12. Schematic illustration of isothermal surfaces 
in the vicinity of a corner: The effect of
dihedral angles.
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rock interface at the time of fracturing. Consequently, the 
maximum thermal stress is approximately normal to, and the 
intermediate and minimum principal stresses are parallel to, 
the contact surface.

Using the calculated temperature change at the contact 
immediately after intrusion and values typical of sedimen
tary rocks for Young's modulus of 5.4 x 10^ bars (Johnson, 
1970) and the coefficient of isobaric thermal expansion of 
9.0 x 10" 6 (Clark, 1966), a maximum thermal stress at 3 km 
depth of 1550 bars has been calculated.

Regional Tectonic Stresses
A further source of stress in the wall rocks of a 

pluton is regional tectonic stress. Rehrig and Heidrick 
(1976) have shown that tectonic stresses may have persisted 
in southeastern Arizona throughout the Cenozoic, however, 
because the stresses in the vicinity of an irregularly 
shaped void in a stressed plate are extremely complex 
(Jaeger and Cook, 1979), the magnitude and orientation of 
tectonic stresses at the margin of the Cochise Stronghold 
pluton are not precisely known. For this reason, these 
stresses could not be summed with the other component 
stresses to derive the total state of stress in the wall 
rocks at the time of fracture formation. The results of 
this investigation, discussed in chapter 8 , indicate that 
tectonic stresses, if present, were not significant in com
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parison with the three stress sources described above. 
Omission of tectonic stress in this analysis is therefore 
justified.

Summary
The sources of stress in the walls of a cooling piuton 

and their magnitudes at 3 km depth are enumerated in Table 
2. From the above analysis, it is clear that thermal stress 
dominant of the component stresses by a factor of 2. The 
thermal and magma pressure induced stresses are uniaxial 
with directed normal to the pluton-host rock interface. 
However, the effective gravitational stress is uniaxial with 

directed vertically. The summation of the component 
stresses is therefore represented by a triaxial stress 
ellipsoid (fig. 13) with a long axis that is inclined from 
normal to the interface. The short axis of this ellipsoid, 
Og, is parallel to the pluton-host rock interface, and the 
long axis, a^, lies in a vertical plane containing the dip, 
yet is inclined at some angle to the dip vector.

Thermally Induced Hydrofractures
Thermal models have shown that injection of magma into 

a chamber initiates a pulse of thermal energy which propa
gates away from the pluton-host rock interface into the host 
rock surrounding the intrusion. Because the coefficient of 
isobaric thermal expansion of water is three orders of mag
nitude greater than that of silicate minerals (Moskowitz and



Table 2

Stress Source

Gravitational

Magma Pressure

Magma Shear

Stresses in the Wall Rocks of a Cooling Pluton

Stress Type Approximate Magnitude 
____at 3 km Depth____

Uniaxial compressive. azvertically directed ax
Uniaxial compressive, 
normal to pluton-host al
rock interface 0 2

Shear stress, tangential 
to pluton-host rock 
interface

T

Uniaxial compressive, 
normal to isothermal al

surfaces °z

670 bars
Oy =  0

870 bars 
03 = 290 bars

0

1550 bars 
03 = 515 bars

Thermal
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Total stress in Wall Rocks

II

Effective gravitational stress

+
Magma pressure induced stress

+
Thermal stress

Figure 13. The total state of stress in the wall rocks of 
a cooling pluton: Triaxial stress ellipsoid.
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Norton, 1977), differential thermal expansion in response to 
this pulse causes increases in pore fluid pressure. Where 
fluid is confined in isolated pores, the pressure increase 
may result in failure. This process has been termed 
"thermally induced hydrofracturing" (Knapp and Knight,
1977), and can cause substantial increases in porosity 
(Moskowitz and Norton, 1977). Hubbert and Willis (1957) 
have demonstrated that experimentally induced hydrofractures 
around boreholes are oriented with respect to the principal 
stress directions. If we extend their theory to fractures 
induced by thermal processes, the orientations of the frac
tures in the wall rocks should also reflect the principal 
stress directions at. the time of fracturing.

Initiation and Propagation of Thermally 
Induced Hydrofractures

The country rock of the study area is composed primar
ily of porous sedimentary and metasedimentary rocks, and 
about 90% of the pore space in these rocks consists of iso
lated voids (Norton and Knapp, 1977). In this analysis, we 
assume that these isolated pores are irregularly shaped, 
randomly distributed, and saturated with fluid (fig. 14a). 
As temperature rises in these rocks, increase of pore pres
sure in isolated pores causes local stresses to develop in 
the rock enclosing the cavities. Apophyses and corners in 
the pores are the loci of anomalous stress concentrations,
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B

Figure 14. Schematic illustration of thermally induced 
hydrofracture formation from randomly dis
tributed, irregularly shaped, fluid filled 
pores.
1 - Pore distribution prior to hydrofracturing.

, 2 - Identical distribution after hydrofractur
ing. Fluid from several pores forms the 
continuous fracture AB, which is normal 
to 0 3. c and D are loci of *en passant' 
interaction between propagating fractures.
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and consequently, if pore pressure increases to the point of 
rupture, apophyses will be the sites of incipient frac
tures. In a rock with tensile strength T0, individual pores 
will hydrofracture when the effective stress, given by 
(4-2), is less than the tensile strength of the rock. How
ever, because the tensile strength of rocks is typically on 
the order of tens of bars (Price, 1959), failure will occur 
when pore pressure is only slightly greater than the least 
principal stress, Og•

Once a hydrofracture has begun, a theoretically 
infinite tensile stress concentration at the fracture's tip 
(Hubbert and Willis, 1957) causes it to propagate until 
fluid pressure inside the fracture equilibrates with the 
ambient pressure of its surroundings. When the fracture has 
extended beyond the local stress field of the pore in which 
it originated, it begins to respond to the ambient stress 
field. Because the fluid pressure in a hydrofracture acts 
normal to the internal surface of the fracture, the fracture 
will extend normal to the direction in which the external 
stress acting against the fracture is at a minimum, or 
normal to Og. Any fracture which deviates from this direc
tion will experience a normal force greater than Ogr and 
because the pore fluid pressure is only slightly greater 
than Og, will be forced to close, or change direction; 
therefore hydrofractures tend to propagate normal to Og• An 
exception to this condition exists when the stress field in
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which a fracture propagates is perturbed by local stresses 
associated with nearby fractures. In this case, the frac
tures will bend towards, and in some cases, connect with 
each other in what Kranz (1979) terms 1en passant' inter
action. This union of intersecting fractures combines the 
fluid of a large number of small pores in a single larger 
continuous fracture (fig. 14b).

The explanation given above describes the formation of 
tensile hydrofractures that are oriented normal to the mini
mum principal stress. However, at the Cochise Stronghold 
orthogonal fracture sets are observed. Although orthogonal 
joint sets are ubiquitous at the Earth's surface (Price, 
1966; Lajtai and Lajtai, 1974; Scheidegger, 1979), the 
mechanism of their formation is poorly understood. Many 
researchers have noted that in situ stress orientations are 
normal to major joint sets (Bredehoft et al., 1976;
Schaeffer et al., 1979; Holst and Foote, 1981; and others), 
and most agree that in many natural systems, tensional 
joints form normal to the maximum and minimum principal 
stresses.

Joints oriented normal to the minimum principal stress 
direction can form either by extensional fracturing (Jaeger 
and Cook, 1979), or by hydrofracturing, as described above, 
but the formation of the set of conjugate joints that form 
normal to the maximum principal stress is less well under
stood. Joints of this type are presumed to form by some
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sort of 1 unloading' or 'relaxation1 process (Lajtai and 
Lajtai, 1974), or by a post-fracturing interchange of 
principal stress directions due to relief of residual 
stresses (Price, 1959, 1966). However, the foregoing 
explanations are not sufficient to describe formation of the 
joint sets at the margin of the Cochise Stronghold because 
field relations suggest that both joint sets probably formed 
simultaneously in response to the same stress field.

Lajtai and Lajtai (1974) have suggested a mechanism 
whereby orthogonal joint sets form simultaneously in 
response to the same stress field. One set forms by initia
tion of a tensile fracture at the maximum tensile stress 
concentration around material flaws, and propagates in a 
direction normal to . The other set, which Lajtai and 
Lajtai term 1 load-normal shear fractures', is initiated by 
shear failure at the site of maximum compressive stress 
concentration at the boundary of the flaw. As the material 
fails, the maximum compressive stress concentration shifts 
in the direction of and a subsequent shear failure takes
place at the boundary of the enlarged flaw. Thus, a frac
ture propagates in the plane normal to by a series of 
limited shear failures, and in this manner, a thin zone of 
crushed rock results which macroscopically appears as a 
joint normal to . Orthogonal fracture sets with joints 
oriented normal to and can form by this mechanism.
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A possible alternative explanation for formation of 
tensile fracture sets at the walls of a cooling intrusion 
invokes two episodes of fracturing. One fracture set forms 
early in the system's thermal history by thermally induced 
hydrofracturing as described above, and is oriented normal 
to a3/ or normal to the local strike of the contact sur
face. Subsequent cooling and contraction of the magma then 
generates tensile stresses oriented normal to isothermal 
surfaces. If the magnitudes of these tensile stresses 
exceed the failure criteria (eq. 3-7), joints should form by 
extensional fracturing, resulting in a conjugate fracture 
set. However, because the isothermal surfaces that control 
the orientation of the latter fracture set exhibit curvature 
caused by the dihedral angle effect (Jaeger, 1961) (fig.
1 2), it is unlikely that the fracture sets which form by 
this process would maintain the orthogonal relationship 
observed in this study.

Theoretical Orientations of Hydrofractures
As discussed above, orthogonal hydrofractures which are 

oriented normal to and 03 form in the wall rocks of a 
pluton. Because the state of stress in the walls of a 
pluton has been determined, the orientation of these hydro
fractures can be predicted.

In the discussion of the state of stress in the wall 
rocks adjacent to a cooling intrusion, it was concluded that
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the minimum principal stress direction very early in the 
system's history is parallel to the local strike of the 
contact. Consequently, the predicted orientations include 
one set of tensile fractures oriented normal to the con
tact's local strike.

The predicted fractures also include a group of joints 
oriented normal to the direction of maximum principal 
stress. At the time of hydrofracturing, the maximum princi
pal stress in the wall rocks is inclined from the normal to 
the pluton-host rock interface, therefore fractures which 
share the local strike, yet are inclined at some angle from 
the local dip, are predicted by the thermally induced hydro- 
fracture model. Because the magnitudes of the component 
stresses are not precisely known, numerical values for this 
angle of inclination at each location in the study area have 
not been calculated.

Predicted fracture orientations in the rocks adjacent 
to the contact in the study area should therefore include:

1) a vertical fracture set whose poles coincide with 
the local strike direction of the contact, and

2) a conjugate set whose poles lie in a vertical plane 
containing the dip vector but which are inclined at some 
angle to the dip.
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Summary
Thermal modeling in this study has suggested that the 

closely spaced orthogonal fractures adjacent to a contact 
are the response of fluid-rich host rocks to local thermal 
fields established immediatly after intrusion. These frac
tures are tensile features whose orientations are controlled 
by the local stress field at the time of fracturing. One 
member of an orthogonal set is oriented normal to the mini
mum principal stress direction, and the theoretical basis 
for this type of tensile fracture has been well established 
(Hubbert and Willis, 1957, Jaeger and Cook, 1979). The 
conjugate member of the set is oriented normal to maximum 
principal stress, and although such joints are commonly 
observed in nature, their genesis is not well understood.



CHAPTER 5

CONFIGURATION OF PLUTON-HOST ROCK INTERFACE

The preceding theoretical treatment has established 
that fracture orientations in fluid-rich host rocks adjacent 
to an intrusion are systematically related to the local 
attitude of the pluton-host rock interface. To predict 
fracture orientations in the natural system, it was there
fore neccessary to accurately define the geometry of the 
contact surface between the pluton and its host rocks at the 
Cochise Stronghold. To accomplish this goal, a geometric 
technique was developed to calculate the local attitude of 
the contact surface utilizing the traditional geologic 
three-point problem and the spatial coordinates of points 
which lie on the contact. An algorithm describing this 
technique is included in Appendix A.

Using the three-point technique, the local attitude of 
the pluton-host rock interface in the study area was calcu
lated from two sets of spatial coordinates; one set was 
obtained by digitizing the trace of the contact on a plan 
view geologic map and its intersect with topographic con
tours, and the other set was obtained by surveying locations 
along the contact in the field. Finally, to determine the 
gross geometric characteristics of the contact, the tech-
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nique was applied to a regional data set consisting of the 
coordinates of points along the entire perimeter of the 
central ridge of country rock. The following section pre
sents the data collection techniques and the calculated 
configuration of the pluton-host rock interface for each 
data set.

Contact Configuration from Map Data Set 
The first step in defining the attitude of the contact 

surface was creation of a reconnaissance map of the ridge of 
host rock from air photos (fig. 15). This map illustrates 
that the contact surface is extremely irregular and contains 
numerous apophyses and corners separated by lengthy planar 
segments. Because the scale and distribution of the irregu
larities precluded detailed study of such a large region, 
the area considered in this investigation was restricted to 
a smaller portion of the contact (inset, fig. 15). Selec
tion of this area was based on accessibility, variation in
the contact's attitude, and topographic relief which facili

tytated implementation of the three-point calculation.
Spatial loci of points on the contact were obtained 

from the intersections of the contact trace on a plan-view 
geologic map with topographic contours. The Z coordinates 
of the intersections equal the elevations of the topographic 
contours crossed by the contact trace, and the X and Y coor
dinates were measured with a digitizing table.
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-c o n ta c t  0 0.5 1.0 1.5 2.0 km |
contour interval = 200 ' N

Figure 15. Plan view map of the trace of the pluton-host 
rock contact around the central ridge of 
country rock. Inset: Trace of contact in the
study area.



60

Small errors in data point loci associated with the 
digitization process can lead to large errors in calculated 
planar orientations for certain groups of points. To avoid 
calculating erroneous attitudes, the data set was subjected 
to an error reduction process whereby groups of points prone 
to spurious errors were excluded from the data set from 
which the contact's spatial configuration was determined. 
This error reduction process is discussed in greater detail 
in Appendix A.

The configuration of the contact surface calculated 
from the remote set of spatial coordinates after error 
reduction is displayed as a ribbon of interconnected planar 
elements (fig. 16). The orientation of each element corre
sponds to the local attitude of the pluton-host rock inter
face, and the ribbon of connected elements illustrates the 
attitude of the contact surface throughout the study area. 
From northeast to southwest, the surface displayed in the 
figure dips steeply toward the host rock (to the east) in 
the extreme northern portion of the study area, forms a 
shallow embayment which dips toward the pluton (to the 
west), then dips moderately toward the pluton from the 
embayment to the southeast' corner of the study area. At 
that location, the surface dips subhorizontally, and the dip 
remains gentle along the southern margin of the study area, 
except in the extreme southwestern portion of the study area
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Figure 16. Geometric configuration of pluton-host rock 
interface from map data.
A - Viewed from above
B - Viewed from the south, above object plane
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Figure 16 (continued).
C - Viewed from the east
D - Viewed from the south, level with object

plane
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where the contact surface dips steeply toward the pluton (to 
the north).

Contact Configuration from Surveyed Data Set
In order to determine the local attitude of the pluton- 

host rock in the study area with greater precision than 
allowed by the remote technique discussed above, 31 points 
along the contact were surveyed in the field and the con
tact's configuration was calculated from the surveyed data 
set.

The total error in the surveyed data was ±0.75 feet, or 
0.26% of the average length of the vectors used in the 
three-point calculation. This error magnitude was not con
sidered significant, and therefore the error reduction pro
cess discussed in Appendix A was not applied to the surveyed 
data set.

The contact surface calculated from the surveyed data 
shares the general configuration of the surface calculated 
from the map data, yet displays erratic variations in con
tact attitude (fig. 17). In the extreme northeastern region 
of the study area, the contact surface forms a minor east- 
west trending anticlinal structure. South of this feature, 
the contact exhibits complex sporadic variations in atti
tude. Southwest of this contorted section of the surface, 
the contact dips steeply toward the host rock (to the east) 
in accordance with field observations, but in disagreement
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0 150m

Figure 17. Geometric configuration of pluton-host rock 
interface from surveyed data.
A - Viewed from above
B - Viewed from the south, above object plane
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0 150m

Figure 17 (continued).
C - Viewed from the east
D - viewed from the south, level with objectplane
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with the attitude calculated from the remote data set. In 
the central and south-central regions of the study area, the 
contact dips gently toward the host rock; along the southern 
segment of the contact, the surface varies smoothly from 
subhorizontal in the east to steep northern dip in the 
west; and at the southwestern terminus of the surface, the 
contact dips moderately to the east. Attitudes for each 
segment of the surface have been calculated and are dis
played on a plan view geologic map (fig. 18).

Comparison of the contact surfaces calculated from the 
two data sets allowed evaluation of the merits and disad
vantages of both data collection techniques. The principal 
differences between the surfaces calculated from the two 
sets are the scales of the irregularities depicted and the 
accuracy of the match between the calculated surfaces and 
the natural surface. The surface calculated from the remote 
data set varies relatively smoothly, and depicts large scale 
irregularities such as the embayment in the northern part of 
the study area, but at one location, the calculated attitude 
differs from that observed in the field. The surface calcu
lated from the surveyed data, on the other hand, varies 
erratically in areas of high data density and therefore the 
general trends in the orientation of the contact surface are 
not evident, however, the surface does depict small scale 
irregularities that faithfully mimic irregularities observed 
in the field. Because the field observations of contact
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Figure 18. Orientation of pluton-host rock interface
throughout study area, calculated from sur
veyed data.



68

attitude most closely agree with the surface calculated from 
the surveyed data set, the orientations calculated from the 
surveyed points (fig. 18) are the attitudes used in this 
study.

Regional Geometric Character of the 
Central Ridge of Country Rock

By applying the sequential three-point technique to 
remotely measured coordinates from the entire eastern and 
western margins of the ridge, statistical trends in contact 
orientation were discovered. The data are displayed as 
equal area stereographic projections and pole density dia
grams which illustrate that although considerable variation 
exists in the calculated attitudes, the contact surface at 
each margin of the ridge of host rock has a prefered orien
tation (fig. 19). The calculated orientations at the west
ern margin exhibit a statistical preference for shallow to 
moderate dip to the west, away from the host rock, with a 
mean orientation of 112°, 35°W. On the eastern margin of 
the ridge, there is a statistical preference for shallow 
northeastern dip, also away from the host rock, with a mean 
orientation of 232°, 5°NE.

The prefered orientations observed in this study con
tradict Gilluly's (1956) interpretation of the morphology of 
the ridge of host rock. His cross sections depict the body 
of host rock as a lens shaped body with a moderately dipping



Figure 19. Calculated contact orientations along eastern 
and western perimeter of central ridge of 
country rock.
A - Equal area stereo diagram of contact 

orientations on western perimeter
B - Pole density diagram of contact orienta

tions on western perimeter (3, 6, and 
9% contours)

C - Equal area stereo diagram of contact 
orientations on eastern perimeter

D - Pole density diagram of contact orienta
tions on eastern perimeter (3, 6, and 
9% contours)
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base that is inclined at both margins toward the center of 
the ridge of host rock (fig. 20). The contact orientations 
observed in this study indicate that the central ridge of 
host rock in the study area is actually a thin asymmetric 
roof pendant or crown of country rock which is superposed on 
the magma chamber (fig. 20).
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Host Rock

A

Host Rock

B

Figure 20. Cross-sections of central ridge of country 
rock.
A - Gilluly's (1956) interpretation 
B - Interpretation from contact attitudes 

calculated in this study



CHAPTER 6

FRACTURE ORIENTATIONS AT THE COCHISE STRONGHOLD

The Cochise Stronghold Granite and the surrounding 
country rock contain a network of fractures which record 
different stages of the magma chamber's brittle deforma
tion. Although scarce mineral fillings and ambiguous cross
cutting relationships prevent an empirical analysis of the 
relative ages of fracturing, the fractures can nevertheless 
be divided into groups based on scale, spacing, and geomet
ric arrangement, that presumably reflect separate stages of 
deformation. These groups include regional fractures, sub
chamber bounding fractures, and a fringe of fractures asso
ciated with the contact (fig. 21). Microfractures and other 
fracture sets that undoubtedly exist in the study area have 
not been considered in this investigation. The spatial 
disposition and presumed cause of the aforementioned frac
ture sets are considered below.

Regional Fractures
Regional north-northwest and east-northeast trending 

orthogonal fractures are pervasive in Tertiary plutons of 
the Basin and Range Province of Arizona (Rehrig and 
Heidrick, 1976). At the Cochise Stronghold, regional ortho
gonal fractures which extend for several kilometers and are
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Alluvium

2 Km
Fracture Map

Figure 21. Plan view map of fracture groups at the Co
chise Stronghold pluton,
A - Regional orthogonal fractures 
B - Local fractures within pluton 
C - Fractures at the contact
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spaced approximately 0.5 km apart (fig. 21) are expressed 
topographically as a grid of valleys and washes. Minor 
fractures with the same orientations as the major set occur 
at the scale of a single outcrop, and are irregularly spaced 
from a few meters to one half meter apart.

The azimuths of the regional orthogonal joints seen on 
air photos are presented as a Rose diagram, or circular 
histogram (fig. 22). This diagram and field observations of 
regional joints were used to determine the attitudes of two 
components of an orthogonal set. The dominant member of the 
regional set has a mean azimuth of approximately 143° and 
dips 60° to the northeast. The subordinate member of the 
set has a mean azimuth of 45° and dips near vertically.
Many of the joints in the dominant set intersect discoid 
miarolitic cavities of uncertain origin and mechanical sig
nificance. These cavities have a maximum dimension of 5 cm 
to 1.5 m, and are enlongate in the plane of the fracture.
In some cases, single fractures with 30-40 m of exposure 
intersect 5 or more of the cavities. It is likely that the 
cavities once contained fluid which segregated early in the 
crystallization process, but the mechanical interaction 
between the cavities and fractures is not understood.

The strikes of the regional orthogonal joints in the 
study area are consistent with joints in other Mid-Tertiary 
plutons in Arizona, signifying that the formation of these 
joints is probably related to the Late-Tertiary Basin and
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Subordinate Fracture Set

Dominant Fracture Set

Figure 22. Rose diagram of regional joint traces.
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Range regional tectonic stresses reported by Rehrig and 
Heidrick (1976).

Local Fractures in the Pluton
Numerical simulation has shown that subchambers form 

within a larger magma chamber as a natural consequence of 
heat dissipation away from an intrusion (Knapp and Norton, 
1981). Temperature decrease and attendant phase changes in 
the magma contained in these subchambers may result in 
liberation of a vapor phase and a consequent internal pres
sure increase which ruptures the subchamber wall rocks. The 
Cochise Stronghold exhibits abundant evidence of this pro
cess. At several locations in the study area, bodies of 
porphyritic granite which are approximately elliptical in 
plan view are surrounded by fractured equigranular 
granite. Fractures in the equigranular subchamber walls are 
disposed in a pattern similar to the stress trajectories 
around an elliptical hole in a stressed plate (Roberts,
1970) (fig. 21). These fractures form in response to local 
non-uniform rates of magma crystallization, and therefore 
occured early in the intrusion's thermal history.

Fractures at the Contact
Well developed sets of systematic orthogonal joints cut 

the pluton and host rock adjacent to the contact at almost 
all locations in the study area and bear a consistent geo
metric relationship to the local orientation of the con
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tact. Within a few meters of the contact, the rock is abun
dantly fractured and, in addition to steeply dipping ortho
gonal sets, contains rare nonsysternatic fractures probably 
related to exfoliation and bedding plane separation. The 
orthogonal sets are variably spaced from 5 cm to 1 m apart, 
and vary in orientation from one location to another. How
ever, at any single outcrop, the orthogonal set is oriented 
so that the strike of one member of the set is approximately 
parallel to the local strike of the contact, and the strike 
of the conjugate member is approximately perpendicular to 
the local strike (fig. 21).

As a general overview of the data collected in this 
study, a plan view of the trace of the contact in the study 
area, the locations at which fracture orientations were 
measured, and the spatial arrangement of the fractures at 
these locations is presented (fig. 23). The diagram illus
trates that one or more joint sets are developed at each 
location, but that no uniform trend in the orientations of 
the fractures near the contact persists in the study area.
An orthogonal joint set, represented by pole clusters 
approximately 90° apart, can be discerned at each location, 
and at some locations (locations 2, N, E, and F), two 
separate joint sets are developed. The orthogonal joint 
sets proximal to the contact are the only fractures con
sidered in this study.
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Pluton

15 0 m

Figure 23. Pole density diagrams of measured fracture
orientations throughout study area. Ticks on 
diagrams point north, and symbol to the upper 
left of each diagram indicates location (3 
and 6% contours).
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Collection and Display of Data
To quantify the joint orientations at the contact, a 

total of 531 joint attitudes were measured at 8 locations 
selected on the basis of outcrop area, exposure and develop
ment of joints, and proximity to the granite-host rock 
contact. Holst and Foote (1981) observe that 100 random 
measurements of joint orientation give a statistically 
stable representative sample of a larger parent population;
therefore in locations with sufficient exposure, 100 joint

\attitudes were measured. However, in several locations 
where poor exposure or wide joint spacing precluded collec
tion of such a large data base, smaller sets of joint atti
tudes were measured.

The data are displayed as pole density diagrams, which 
give a visual impression of both the average joint orienta
tions and the amount of variation in the data. The diagrams 
were prepared by plotting poles to all measured fracture 
orientations on an equal area stereonet and contouring the 
numbers of poles per unit area. The regions on the diagrams 
with high pole density are enclosed by concentric contours 
and represent orientations shared by a significant propor
tion of the measured fractures.

The poles to the fracture orientations measured in this 
study are arranged in clusters enclosed by the pole density 
contours. The variation in fracture orientations included 
in a single cluster of poles is probably predominantly
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caused by slight deviations of the joints from a preferred 
orientation. However, many of the joint surfaces are 
irregular because of erosion and dissolution, and some of 
the variation observed on the diagrams is undoubtedly caused 
by measurements of these irregular surfaces.

To evaluate whether statistical biasing would present a 
problem in this study, two different sampling techniques 
were used to define average orientations at location 1. One 
set of 50 joint attitude measurements was obtained by 
spreading a tape across the outcrop and measuring the orien
tation of every joint which crossed the tape. At a location 
a few meters away, another set of 50 attitudes was gathered 
by measuring joints randomly. Pole density diagrams of 
joint orientations measured by each technique illustrate 
that there is no significant difference between the atti
tudes measured by the two methods (fig. 24). Because the 
latter method was more convenient, all subsequent attitude 
measurements were made of randomly selected joints. In 
addition to demonstrating that the measurement technique did 
not bias the results, this exercise illustrates that the 
orientation measurements used in this study are reproduc- 
able, and that the joint attitude samples are therefore a 
valid representation of fracture orientations at a particu
lar outcrop.
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Figure 24. Comparison of fracture orientations measured 
from tape traverse and random selection tech
niques.
A - Tape traverse 
B - Random selection



CHAPTER 7

COMPARISON OF PREDICTED AND OBSERVED 
FRACTURE ORIENTATIONS

The discussion of the theory of thermally induced 
hydrofracture formation in environments free of tectonic 
stresses (chapter 4) concluded that fracture orientations in 
fluid-rich host rocks immediately adjacent to an intrusion 
can be predicted from the local orientation of the pluton- 
host rock interface. To verify the validity of this model, 
the geometry of the interface in the study area was modeled 
using the sequential three-point technique described in 
Appendix A, and fracture orientations at several locations 
were predicted from the calculated local attitude of the 
contact. Actual fracture orientations at corresponding 
locations in the field were then measured and compared with 
the predicted orientations. The comparison shows that a 
consistent and systematic relationship exists between actual 
and theoretically predicted fracture orientations, and that 
the thermally induced hydrofracturing model discussed in 
this investigation is therefore an accurate depiction of the 
natural processes which govern fracture formation in the 
wall rocks of a cooling pluton.

To illustrate the systematic correlation between the 
fracture orientations measured in the field and those
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predicted from the local attitude of the pluton-host rock 
contact, figures 25-28 present the local configuration of 
the contact, the predicted fracture orientations, and the 
measured spatial distribution of fractures in the field.

Predicted Fracture Orientations 
Fracture orientations predicted from the theory of 

thermally induced hydrofracturing are displayed on the dia
grams as the azimuths of the local strike and dip of the 
contact surface. One member of the predicted fracture set 
is vertical and normal to the local strike; poles to these 
fractures lie at the boundary of the pole density diagrams 
in the local strike direction and are represented by 
arrows. The conjugate fracture set has poles that are con
tained in the vertical plane of the dip and are inclined at 
some angle to the dip vector; this plane is represented on 
the diagrams as a line perpendicular to the local strike.

Observed Fracture Orientations 
The observed orientations of fractures in the rocks 

adjacent to the pluton-host rock contact have been discussed 
in chapter 5, and are displayed on figures 25-28 as pole 
density diagrams.

Comparison
At most locations in the study area, the orientations 

of both members of the natural fracture set coincide with
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Figure 25. Contact attitudes, predicted fracture orienta
tions, and measured fracture orientations at 
locations 1 and 2. Local strike is indicated 
by arrows, symbol at upper left of pole den
sity diagrams indicates locations, and number 
at the lower left indicates the number of 
fracture orientations measured at each loca
tion (3 and 6% contours).
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Figure 26. Contact attitudes, predicted fracture orien
tations, and measured fracture orientations 
at locations 4, G, and N. Local strike is 
indicated by arrows, symbol at upper left of 
pole density diagrams indicates locations, 
and number at lower left indicates the number 
of fracture orientations measured at each lo
cation (3 and 6% contours).
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Figure 27. Contact attitudes, predicted fracture orien 
tations, and measured fracture orientations 
at locations F and E. Local strike is indi 
cated by arrows, symbol at upper left of 
pole density diagrams indicates locations, 
and number at lower left indicates the num
ber of fracture orientations measured at 
each location (3 and 6% contours).

150m
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Figure 28. Contact attitude, predicted fracture orienta
tions, and measured fracture orientations at 
location 3. Local strike is indicated by 
arrows, symbol at upper left of pole density 
diagrams indicates locations, and number at 
lower left indicates the number of fracture 
orientations measured at each location (3 
and 6% contours).



88

the predicted set. At locations 1, 2, 3, and F, (figures 
25, 27, and 28), the strikes of the natural orthogonal sets 
are within 10° of those of the predicted sets. However, 
many of the natural sets whose strikes coincide with the 
predicted vertical fractures are inclined 10o-20° from 
vertical. This effect is possibly the result of post
fracture tilting that may have accompanied vertical uplift 
of the pluton.

At locations 4 and E, (figures 26 and 27), only one 
member of the predicted orthogonal set is developed. The 
mechanical significance of this observation is uncertain.

At locations 2 and E, (figures 25 and 27), vertical 
fractures are developed which do not coincide with the local 
strike of the contact. In both cases, the fractures coin
cide with those predicted from the local attitude of a near
by section of the contact. This feature of the natural 
fracture sets is interpreted as evidence that fractures 
which developed at one location may extend a short distance 
laterally and become superposed on a primary set of frac
tures at other locations.

At locations G and N, (fig. 26), natural fractures bear 
no relationship to the local orientation of the contact, and 
instead nearly coincide with the regional orthogonal frac
ture trend. The outcrops where these fractures were mea
sured are unique among those studied in that they are 
located 50-75 m from the contact. It is concluded that the
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thermal effects described in this investigation are local 
phenomena confined to a narrow zone adjacent to the pluton- 
host rock contact.

In summary, a good correlation exists between the frac
tures predicted by the thermally induced hydrofracture model 
discussed in chapter 4 and the fractures observed in the 
field. The model accurately predicts fracture orientations 
close to the contact, but a short distance away, the contact 
fringing thermal effect discussed here is not the dominant 
process which controls fracturing.



CHAPTER 8

CONCLUSIONS

During the course of this study, conclusions regarding 
the nature of the central ridge of country rock in the study 
area, the fracture forming process in the wall rocks of a 
cooling pluton, and the effect that these fractures may have 
on the hydrothermal system established by the intrusion were 
reached. These conclusions are briefly summarized below.

1) Gilluly (1956) has mapped the central ridge of 
country rock in the study area as an enlongate lens shaped 
body with a base that dips smoothly toward the center of the 
central ridge of host rock. The contact orientations calcu
lated in this study show considerable variation, but exhibit 
a clear statistical tendency to dip away from the host 
rock. These contact orientations are inconsistent with 
Gilluly1s interpretation, and imply that instead of the 
lenticular shape illustrated in his cross-sections, the 
central ridge of host rock is an asymmetric roof pendant 
whose base forms an irregular contact with the pluton.

2) Thermally induced hydrofracturing is the dominant 
fracture forming process in the wall rocks close to a cool
ing pluton. The fractures are the result of differential 
thermal expansion of pore fluid and host rock caused by the
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transfer of heat from intrusive to country rocks, and are 
oriented normal to the maximum and minimum stresses in the 
wall rocks. Because the dominant component stresses that 
make up the total state of stress are controlled by the 
attitude of the contact surface, the fractures bear a con
sistent geometric relationship to the pluton-host rock 
interface.

The increase of pore fluid pressure induced by heating 
fluid-rich host rock attenuates exponentially away from the 
contact, and consequently thermally induced hydrofractures 
are most abundant in a narrow zone adjacent to the pluton's 
margin; a short lateral distance away, the fluid pressure 
effects are less significant and hydrofractures are less 
abundant.

This investigation has shown that the fractures in the 
wall rocks of the Cochise Stronghold pluton are oriented 
normal to the long and short axes of the stress ellipsoid 
derived from summation of gravitational, thermal, and magma 
induced stresses only. If regional tectonic stresses acted 
at the time of fracture formation, then the above relation
ship would not exist unless the tectonic stresses were 
either aligned with the calculated stress ellipsoid or were 
insignificant. Because the stress trajectories in the 
vicinity of an irregular void in a stressed plate are 
extremely complex (Jaeger and Cook, 1979), it is very 
unlikely that the stresses would align with the ellipsoid
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derived in chapter 4. Therefore, tectonic stresses in the 
wall rocks must have been insignificant at the time of frac
ture formation. In a pluton environment characterized by 
large tectonic stresses, thermally induced hydrofractures 
should not exhibit the relationship observed in this study.

3) Closely spaced thermally induced hydrofractures 
substantially modify the flow porosity of the wall rocks of 
a cooling pluton. These fractures establish a zone of high 
permeability adjacent the pluton-host rock contact which may 
act as a conduit for hydrothermal fluids. This zone will 
modify the circulation paths of hydrothermal fluids and will 
alter the redistribution of thermal energy and chemical 
components associated with hydrothermal convection.



APPENDIX A

THE THREE-POINT PROBLEM

The three-point problem is a commonly encountered pro
cedure in elementary structural geology which utilizes 
elevation ratios and trigonometric relationships to deter
mine the strike and dip of a plane containing three nonco- 
linear points. It is used to determine the attitude of a 
planar surface when information about the surface is limited 
to the locations and elevations of three points, or when 
direct measurement of the actual surface is difficult or 
impossible. Because few surfaces in geologic systems are 
planar, the three-point problem can also be employed to 
smooth minor irregularities and determine an "average" 
orientation of a natural surface. The technique described 
here is a mathematical analog to the simple graphical 
approach, in which strike and dip are calculated rather than 
measured directly from a construction. The mathematical 
treatment of the problem is addressed below.

The Three-Point Calculation
Although inconsequential mathematically, it is necces- 

sary to align the coordinate axes with some reference direc
tion so that an absolute orientation calculated by computer 
can be related to an orientation on a map or in the field.
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The coordinate axes in this description are oriented with 
positive X pointing east, positive Y pointing north, and 
positive Z pointing vertically away from the Earth.

The three points used in the problem are first sorted 
by height, and a triangle is constructed with the three 
points as vertices. The coordinates of the known points are

P1 = (Xi'Yi'Zi)

p2 = (X2'y2'z2>

p3 <x 3'Y3'z3> 

where Ẑ . > Z2 > Z3.
Because a line on a plane between two points of equal 

elevation is parallel to the strike direction, the vertex of 
the triangle which lies at an intermediate elevation between 
the other two vertices and a point, M, on the opposing side 
of the triangle at the. same elevation are used as a basis 
for the calculation (fig. 29).

The coordinates of the point M are obtained from the 
parametric equations for the line P^Pg, which are given 
below

(1-1) X = x1 + T(X1-X3)
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Figure 29. Geometric configuration of points used in the 
three-point calculation.
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(1-2) Y = Y1 + T(Y1-Y3)

(1-3) Z = Z1 + T(Z1-Z3)

where T is a constant related to the distance along P^P3 
from the point P3. Because the elevation of M is Z3, and 
Zjl , Z2 1 and Z3 are known, equation (1-3) can be solved for 
Tt giving

(1-4) T = (Z2-Z1 )/(Z1-Z3)

Equation (1-4) is then substituted into equations (1-1) and 
(1-2) to obtain the X and Y coordinates of point M.

(1-5) Xm = X1 + [(Z2-Z1 )/(Z1-Z3)] (Xjl̂ )

(1-6) Ym = Yx + [(Z2-Z1 )/(Z1-Z3)] ( Y ! ^ )

These calculations result in the location, (Xm,Ym ,Z2), 
of a point in the plane containing P^, P2, and P3, which is 
at the same elevation as P2, thereby aligning P2M in the 
direction of strike. To calculate the strike direction, the 
strike vector P2M is constructed with coordinates

(1-7) ^strike ^m ~
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(1-8 ) ^strike “ Ym Y2

Because the coordinate axes were chosen with the posi
tive Y direction pointing north, the strike direction is 
given by

for Xgtrike  ̂  ̂ an<̂  Ystrike > 0 / or ^strike  ̂ ® anĉ 
Ystrike < oc

foc ^strike > 0 and Ystrike < 0 , or Xstrike < 0 and 
Ystrike > °*

The dip vector lies in the plane of points P^, ?2 , and 
P3 , and must therefore be perpendicular to the normal to 
this plane. The normal to the plane is easily determined by 
calculating the cross product of any two vectors which lie 
in it. In this example, the P2pJ and P^P^ vectors are used:

(1-9) Strike = 90° - tan-

(1-10) Strike = 90° + tan

(1-ID ^normal = - (Y2-Y3 )(Z2-Zl)

(1-12) Ynocmal = -(Xj-X^(z2-z3) + (X2-X3 )(Z2-Z3)

(1-ID ^normal = (Xj-Xi)(Y2-Y3) - (X2-X3)(Y2-Y1)
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However, the dip is also perpendicular to strike, and 
the cross product of the normal to the plane and the strike 
vector must therefore produce a dip vector. The coordinates 
of the dip vector are given by

(1-14) X(3ip - **Ystrikeznormal^

(1-15) Ydip - Xstrikeznormal

(1-16) Z(3ip - xnormalYstrike ” xstrikeYnormal

The magnitude of dip is given by

Z ..
(1-17) Dip = tan™ 1 f---- ........

+ ^ip2
By the method outlined above, the strike and dip of a 

plane defined by any three noncolinear points can be calcu
lated.

The Sequential Three-Point Technique 
Because the surfaces of interest to geologists are 

often irregular and contorted, simple analytical expressions 
which describe such surfaces do not generally provide ade
quate resolution for detailed study. Nevertheless, the 
geometry of any surface can be approximated by an assemblage
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of interconnected plane elements, much as the triangular 
elements of a geodesic dome approximate a sphere. By 
selecting an appropriate element size and shape, irregular
ities of any scale can be depicted on a surface composed of 
linked elements. For this study, a method was developed 
which generates images of the interface between pluton and 
host rock using a digital data base of spatial coordinates 
of points on the contact. The technique calculates the 
orientation of plane elements by solving the three-point 
problem for locations on the contact, and displays an inter
connected sequence of elements in a manner that models the 
natural surface.

The technique described above, referred to here as the 
sequential three-point technique, requires a data base con
sisting of the spatial coordinates of an irregular string of 
noncolinear points which lie in sequence along the surface 
being modeled. After first calculating the orientation of 
the plane that passes through the leading three points in 
the data sequence, the first point in this group is replaced 
by the next point in the data sequence. The same calcula
tion is then performed on the new triplet, and the plane 
calculated from these points is linked with the previously 
calculated plane. Subsequent triplets are formed by replac
ing the first point in the previous triplet with the next 
point in the data sequence, and the orientations of new 
planes are calculated and linked with pre-existing planes.
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In this manner, sequential triplets are used to calculate 
the orientations of planar elements which are linked 
together to form a surface.

Error Analysis
Although the mathematical technique described above is 

free of error, inaccuracy in the loci of points used in the 
three-point calculation can lead to erroneous results.
These errors in the data base arise from a variety of 
sources which can be divided into two classes, systematic 
and nonsystematic errors. The primary sources of non- 
systematic errors are inaccurate geologic and topographic 
maps, but because the error in these data sources varies 
randomly, it can not be eradicated by a simple data reduc
tion process. For this reason, nonsystematic error is not 
discussed here? instead, it is assumed that nonsystematic 
errors have been minimized by using the best geologic and 
topographic maps available. Systematic error sources 
include limited resolution of the digitizing table, human 
error in cursor positioning, and ambiguity inherent to the 
technique itself. These systematic errors contribute to 
spurious twists and contortions in the modeled surface, and 
result in discrepancies between the natural surface and the 
surface generated by the sequential three-point technique. 
The magnitudes of these errors were analysed and a data 
treatment process was devised to reduce error to an accept
able level
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Small errors in data point loci are associated with the 
digitization process because the digitizing table has 
limited resolution. The digitizing table used in this 
study, a Bausch and Lomb Series 7000 COMPLOT Digitizer has 
resolution of 0.001 inches. At the scale at which human 
error in cursor positioning was analysed, 10.6 inches =
1 mile, the digitizing table has resolution of 0.5 feet, and 
any digitized point on a map at this scale will be repre
sented by digitized coordinates within 0.5 feet of its true 
location. At the scale at which the Stronghold granite 
contact was mapped, 1.9 inches = 1 mile, any point on the 
map is represented by digitized coordinates within 2.8 feet 
of its true location. In both cases, the error associated 
with the resolution of the digitizing table is not signifi
cant.

A further source of error associated with digitization 
is human error in cursor positioning. To assess the magni
tude of human error, a contact with 33 topographic contour 
crossings was digitized 10 times. An average X,Y location 
was then calculated for each of the 33 points, and each 
point of the 10 groups of digitized points was compared 
against the averaged value for that point. Becuase the 
errors in cursor positioning were random, the summation of 
these errors should be close to or equal to zero. Conse
quently, the average position of each point in the 10 

digitized trials should be equal to that point's actual 
position.
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A vector drawn from the averaged position of a point to
its digitized position for a particular trial gives the
direction and magnitude of error for that trial (fig. 30).
This error can be normalized by comparing the length of the
error vector, e, to some reference vector. The best choice
of a reference vector for this problem is the vector used in
the three-point calculation, which, in this example is 
■ ■ >pnpn+l* Normalized location error, as used here, is the 
ratio of the magnitude of e to the magnitude of PnPn+^.

A normalized location error was calculated for each 
point in the 10 trial digitized contacts, and the maximum 
error for any point was 0.1112, or 11.12%. The average of 
the maximum error for all points was 2.67%, which corre
sponds to 6.7 feet at the scale of the vectors used in the 
calculation.

In order to assess the effect of the error intrinsic to 
the data, a series of experimental calculations were per
formed, in which points which lay in a known plane were 
perturbed by a small error, epsilon, and subjected to a 
three-point calculation. The effect that the error intro
duced to the data had on the calculation was quantified by 
comparing the calculated orientation with the known orienta
tion of the plane prior to the introduction of error. It 
was discovered that the effect of a given error on the 
three-point calculation is a function of the lengths of the 
vectors used and the angle between them. For example, an
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Figure 30. Vectors used to calculate location errors.
is the average position of point n for all 

trials, Pn+l is the average position of point
n+1 for all trials, and iD is the locationFn+1 — »of point n+1 from the ith trial. ie is the 
error vector for the ith trial.
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epsilon which produced a large error in the calculation for 
a triplet which formed a narrow triangle, would produce 
little or no error when applied to a triplet forming an 
equant triangle.

By varying both the lengths of the vectors between the 
three points of a triplet and the angles between them, and 
introducing an error epsilon to one of the vertices, the 
shapes of triangles which are prone to error were dis
covered. To insure that all possible shapes for triangles 
were represented in the calculations, the angle between two 
of the sides of the triangle was varied from 0 to 90 degrees 
in 5 degree increments and the lengths of two sides were 
varied from 0.1 to 1.0 in increments of 0.1. Assuming that 
an error of 2.67% was present in the data used in this 
study, the magnitude of error for each test triangle was 
calculated. By setting a limit on acceptable error, a 
filter was designed which excluded from the three-point 
calculation those triplets which were prone to error. In 
this study, a deviation of 6° in strike and 5° in dip from 
true strike and dip was considered acceptable and triplets 
in the data sequence which formed triangles that led to 
unacceptable errors in the test cases were excluded from the 
three-point calculation. In this manner, planar orienta
tions which may have been erroneous were excluded from the 
calculated surface.
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The sequential three-point technique, when used with 
data filtered in the method described above, generates an 
accurate representation of the natural surface from which 
the data was taken, provided that the surface varies smooth
ly. If, however, discontinuities such as corners are 
present on the natural surface, spurious planar orientations 
are calculated. These spurious planes arise because it is 
implicitly assumed in the sequential three-point technique 
that every sequence of three points in the data defines a 
plane of the contact. If the contact surface has a corner, 
there are two groups of points in the vicinity of the corner 
which lie in planes unrelated to the contact (fig. 31). 
Points 1, 2, and 3, and 4, 5, and 6 lie in planes 5, and m 
respectively, which are planes of the contact. Points 2, 3, 
and 4, however, lie in plane n , which although a valid plane 
for the three-point calculation, is not associated with a 
true orientation of the contact. Points 3, 4, and 5 lie in 
a similar plane. Because planes such as n have no unique 
characteristic which can be used to distinguish them from 
planes which actually lie on the contact, groups of points 
which define these planes must be manually excluded from 
groups used to calculate a surface. In this example, if the 
sequential three-point technique is applied to points 1 
through 6 , but the groups 2, 3, and 4, and 3, 4, and 5 are 
excluded from the calculation, then the calculated surface 
will identically match the actual surface of the contact.
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Figure 31. Ambiguity of planes calculated from points in 
the vicinity of a corner. & and m are planes 
of the contact surface, n is an erroneous plane 
containing 3 points which lie on the contact 
surface.
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In conclusion, small errors associated with digitiza
tion and discontinuities in a contact surface can cause 
substantial errors in the surface which is calculated.
These sources of error can be reduced by subjecting the data 
base to an error reduction process in which the three-point 
calculation is bypassed for groups of points with geometric 
characteristics prone to error. Groups of points in the 
vicinity of corners which lie in planes unrelated to the 
contact must be manually bypassed. When both of these 
sources of error have been removed, the surface calculated 
by the sequential three-point technique is a close approxi
mation to the natural surface.
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