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PREFACE

The phenomenon of subsidence has plagued the mining industry
for centuries. Although subsidence is caused directly by the with
draw! of ore from underground workings, the particular combination
of the rock type, geologic structure, and method of mining at the
site are responsible for the physical character of subsidence
appearing at the surface. In the past, mine operators have accepted
subsidence as an unfortunate by-product of their operations.
With an attitude of unwilling acceptance have come sporadic
efforts to describe subsidence. The mining literature of the
Twentieth Century contains many physical descriptions of subsidence,
but it was W.R. Crane, of the United States Bureau of Mines, who
perhaps first began to adequately explain subsidence as an engineering
phenomenon. In papers published from 1929 through 1931, Crane
emphasized that the subsidence that occurred in many of the copper
mines of the American Southwest could be adequately explained by an
interrelation of the specific geologic medium at the site and the
method and rate of underground mining employed. This Interrelation
remains the key to successful interpretation and explanation of
subsidence in deep underground mining operations.
The complex nature of the host rocks at most mines limits
the study of subsidence to a somewhat qualitative approach. Recent
workers have been unable to adapt mathematical analyses to the
ill
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behavior of subsidence due to the modification of rock properties
by geologic factors. Conditions at the San Manuel Mine are such
that subsidence occurs in two heterogeneous, anisotropic types of
rock that are weakened throughout by structural discontinuities.
It is fortunate that the management of the Magma Copper
Company and the U.S, Bureau of Mines early agreed to record the
development of the expected subsidence. Magma Company geologists
and engineers have recorded the growth of subsidence with notations
made on topographic maps since the commencement of mining in 1956.
In the following year, the Bureau of Mines installed a grid
pattern of steel survey pins and observed the vectoral movement
that followed (Johnson and Soule, 1963). The Government survey was
discontinued in 1961 and no detailed analysis of data has yet been
published. Early workers, apart from those of the Magma Company,
were Hardwich and Storms of the Bureau of Mines (1957), Wilson
(1957, I960) of the Arizona Bureau of Mines, Griswold (1957) of the
University of Arizona, and McLehaney (1958), who continued Griswold's
work at the University. Griswold's account remains perhaps the most
accurate and useful study of subsidence in its early stages of
development at the San Manuel Mine.
In the period since 1958, the Magma Company has furthered
the investigation with the recording of visual and survey obser
vations, Since 1962, the Company has obtained a continuing biannual
revision of a stereo-compiled topographic map of the mine and
subsidence area at the scale of 1:2400. These maps are extremely
accurate and have been very useful in the conduct of the present study.

The author began the investigation while enployed with the

UeS.

Bureau of Mines, engaged in an underground study of rock

stresses at the mine. Field work was conducted throughout 1964 and
1965 in order to better define the subsidence process over a period
of time. This study represents conditions as they existed in the
early part of 1965.

Figure 2 - Frontispiece

The visible result of ten years of mining
at San Manuel Mine. These striking effects
of subsidence have been produced over the
South Ore Body (February 1965).

z !•

<

Fig. 2 - Frontispiece

ACKNOWLEDGEMENTS

All personnel of the Magma Copper Company, San Manuel
Division have been extremely cooperative and helpful during the
study. Spelcal appreciation Is due C.L. Pillar, former Mine
Superintendent, R.L. Toble, Chief Mine Engineer, L.A. Thomas,
Chief Geologist, and M.A. Enright, Mine Geologist. Enright has
shown continuing interest in the project, hes presented the author
with a considerable amount of Information, and has helped the
study In many ways.
At the University of Arizona, Dr. Willard C. Lacy, Head,
Department of Mining and Geological Engineering, provided
encouragement, advice, and guidance. Dr. Lacy was also Instrumental
In gaining presentation of the thesis material as a paper before the
Society of Mining Engineers of the American Institute of Mining and
Metallurgical Engineers at Its 1965 annual meeting. The thesis has
also benefited considerably through critical readings made by
Dr. Lawrence K. Lustlg of the Department of Geology and by Dr.
William C. Peters of the Department of Mining and Geological
Engineering of the University of Arizona.
Aerial photographs were furnished by the Aerial Mapping
Company of Boise, Idaho; the contractor for mapping at San Manual
Mine. The study was supported In part by a research study grant
awarded by the Arizona Alumni Association, Dr. James Gibson,President.
vll

t '.- m ie e r e w e *

Stereoscopic triplet, f. = 153.6mm, January 1964, Approximate Scale

I 1000

$ Figure 3. SUBSIDENCE FEATURES AT SAN MANUEL MINE

feet

|

TABLE OF CONTENTS
Page
LIST OF

ILLUSTRATIONS................................... xil

LIST OF T A B L E S .............................. -................ - xv
ABSTRACT...... .................... -.......................

xvl

INTRODUCTION...... -.......................... ................

1

Basis for the study ---— -----------------------History of mining -------------------------------------

2

PHYSICAL CHARACTER OF THE SUBSIDENCE PITS — — ----.............

5

1

GEOLOGIC SETTING ___ __________________________
----- _ _ _ _ _ _ _ —
-------— ........
Introduction
Lithology . . . . . . . . . . . . . . — .........................
Geologic structure in general ------------------------San Manuel fault
Northwest-trending normal faults ---------------------North-trending faults
— ......
Choila fault --------------------------------- .........
Fracturing -------------------— ------------ ...— ......
PHYSICAL CHARACTERISTICS OF THE R O C K S --- ----------

g

9
10
H
14
16

16
17
20

Quartz monzonite and granodiorite porphyry . . . . . . . . . 20
The conglomerates
22
Cloudburst formation -----------------------San Manuel formation ------ ------------- ------- 23
EFFECT OF GEOLOGIC STRUCTURE ON SUBSIDENCE------- ------— ... 26
Introduction -----------------—
----------- 26
Fractures
27
Faulting -----------------------------Summary
29
PERIPHERAL TENSION FRACTURES — ...— — ------ —
Introduction ----------------------Growth of fractures ------Mode of development
Thickness of caprock
ix

------ —

—

34
34
35
35
37

22

X
PERIPHERAL TENSION FRACTURES (CONT.) ..........................
Manner of growth -------------------------------------- 37
Role of faulting ------------------------------— ----- 38
GROWTH AND DEVELOPMENT OF THE SUBSIDENCE P I T S .................. 43
Introduction ----------------South Ore Body pit -----------------North Ore Body West pit -------—
—
North Ore Body East pit — — — — — — — — — — — — — —

43
45
54
56

MECHANICS OF SUBSIDENCE ..................----- ................ 57
Introduction -----------------------------------------Behavior of the igneous rocks — — — — — — — — — — — —
Red 1dual stresses
Block caving ------------------------------------Behavior of pillars -----------------------------Angle of subsidence ............................
Propagation of rock breakage along the pipes ----Behavior of the conglomerates ........................
State of stress
Formation of pipes in the conglomerates ---------Rock failure
Faulting
Attitude and thickness of the conglomerate .......
Ground movement-—
Tension fractures
Formation of the escarpments
Asymmetry of the pits -----------------------Summary of the subsidence process -------------

57
58
58
59
60
61
63
64
64
67

68
70
71
74

74
75
76

77

MASS W A S T A G E ....... — ...................... .................. 81
Introduction ------------------------------— ---------- 81
Classification of types of mass w a s t a g e --- ------------ 83
En masse movement ------------------------------------- 84
Slump ------------------------------88
Terrecettes ------------------------------------------- 89
Rockfall............................. -................90
Bocks U d e .......................... -..................91
Creep ---------------91
Debris slide -----------92
P i p e s ------------------------------------— 93

Xi
PREDICTION AND ECONOMIC IMPORTANCE OF SUBSIDENCE............. 99
APPENDIX A; GEOLOGIC HISTORY —

—

—

—

—

— ....

...... 103

APPENDIX B: SUBSIDENCE PIT MEASUREMENTS-----------------------105
REFERENCES C I T E D ..... -................. -................. ....109

LIST OP ILLUSTRATIONS

Figure

Page

1.

Engineering geologic map, San Manuel Mine area

Pocket

2.

Frontispiece. The visible effect of ten years of
mining at San Manuel Mine

vl

3.

Subsidence features at San Manuel Mine ----------------- vlll

4.

Index map —

5.

Dimensions and positions of subsidence pits and block
caving areas

—

—

—

—

—

—

—

—

—

—

4

6

6. Terrestrial stereophotography showing the largest
of the subsidence pits — —
7.

—

—

—

—

—

Conditions before mining — — — — — — — —

—

—

—

7

—

—

—

13

8. Series of en echelon faults deterlng advance of
an escarpment — — — — — — — — —
9.

—

—

— —

—

—

19

North*trending normal faults In the North Ore Body
West pit ................................................

19

10*

Typical exposure of the San Manuel formation —

—

25

11.

Sllckensided fault planes — — — — — —

— —

12.

North Ore Body East pit with Red Hill in background —

13.

Northeast escarpment of South Ore Body pit showing
an abandoned highway and bridge —
—
— —
— —

14.

15.

16.

—

—

Aerial photograph showing relationships between
faulting and subsidence pits — — —
—
—
—
Diagram showing effect of attitude of bedding and
removal of lateral constraint on the formation of
tension fractures — — — — —
—
—
—
—
—
A tension fracture

—

31
31

—

32

— —

33

—

38
40

xll

Xlii
Figure

Page

17.

Fault planes newly opened in tension --------------------- 41

18.

Tension fractures join to form a boundary fracture ------- 42

19.

Peripheral growth of subsidence pits --------------------- 46

20.

Diagrammatic sketch showing concentrations of
stress causing breakage around pipe margins -------------- 48

21.

State of stress in the conglomerate caprock -------------- 49

22.

Peripheral growth, South Ore Body pit (1956-1965) -------- 51

23.

Photograph of South Ore Body pit in November 1957 -------- 53

24.

Peripheral growth, North Ore Body pits (1956-1965) ......

55

25.

Modification of Crane's drawing showing "doming" ---------

66

26.

Sketch of the effect of partially unsupported edges
of beds facing on the back of a tunnel or drift ---------- 67

27.

Pipe occurrence over block caving areas ------------------ 69

28.

Isopach map of caprock -------— ____________________

73

29.

Sketch depicting anomalously high loading in areas
of greatest caprock thickness — — --- --------------- ....

76

30.

Occurrence of tensional and compressional stresses ------ 78

31.

Mechanics of subsidence —

32.

Evolution of the mass wastage units ---------------------- 84

33.

Cumulative pin movement and mass wastage types ----------- 85

34.

Relative movement of mass wastage ------------------------

35.

The northeast escarpment of the South Ore Body pit ------- 94

36.

Southeast escarpment of the South Ore Body pit ----------- 94

37.

Terrecettes formed in quartz monzonlte ------------------- 95

38.

Grass covered slopes of the creep unit ------------------- 96

—

— — — —

—

—

—

—

—

—

go

86

xiv

Figure
39.

P'ge
Conditions at the lowest point of the South Ore
Body pit --- -------......................................

97

40.

Units of mass wastage in the South Ore Body pit .......... 98

41.

Field relationships of seven of the mass wastage units —

42.

Low oblique,atrial view of the South Ore Body pit ....... 106

43.

Late afternoon view of South Ore Body pit ............... 107

44.

The three subsidence pits showing installations and
variety of mass wastage units ........................... 108

45

Stereoscopic pair of aerial photographs of the South
Ore Body pit taken in September I960
In Pocket

98

LIST OF TABLES

Table

1.

Page

Fracture syeteras at the San Manuel Mine

18

2. Vatlance of angle of subsidence -------------------------- 62

xv

ABSTRACT

ENGINEERING GEOLOGY OF SUBSIDENCE AT SAN MANUEL MINE

Continued mining of porphyry copper ores at the San Manuel
Mine for ten years has resulted in the formation of three subsidence
pits in a wedge-shaped caprock of Tertiary conglomerates.
Engineering geology has been applied toward the description and
explanation of the phenomenon of subsidence as manifested in a thick
sequence of sedimentary rocks overlying an ore body.
The pits have a total surface area of over 160 acres, with
peripheral growth of the pits appearing to be controlled by the
geologic structure and engineering properties of the caprock and
the ore body, as much as by the relative location of caved blocks,
and rate of wlthdrawl of ore. Detailed mapping has delimited
numerous sub-parallel faults, a definite pattern of advancing ground
fractures, and specific units of mass wastage within the pits.
Field evidence has shown that there are definite relation
ships between geologic structure in the area and the growth and
configuration of the subsidence pits. A classification of various
types of mass wastage to be expected in mining subsidence is
presented

xv i
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INTRODUCTION

Basis for the study

The San Manuel Mine presents an Important physical laboratory
for the study of mining subsidence, and it is indeed fortunate that
careful observations have been siade over the decade in which it
has been under production* Conditions at the surface in 1965 have
become stabilised and trends and characteristics are clearly
represented, TWo portions of the mine were inactive during this
period and the two related surface subsidence pits had become
quiescent. Total aerial extent of the three pits at the time of
writing was about

ISO

acres (fig,

3),

Subsidence investigations have been made elsewhere in the
past in an effort to increase the available knowledge for use in
planning and developing new properties and to aid in making necessary
changes in mining methods at producing mines. In this light, the
Investigations are generally made to give information that may be
used in three areas;

1) to aid in prediction of surface effects and

extent of subsidence so as to minimise damage to existing installations,

2) to arrive at an estimation of the angle at which the rocks of the
ore body will break under block caving so that a maximum percent
age of ore may be drawn with a minimum cost, and 3) to aid in the
general layout such that surface installations and shafts will be

1

2

placed at an optimum distance from the underground draw areas to
avoid subsidence damage and yet provide minimum haulage costs In
the transport of ore out of the workings.

History of mining

'

The San Manuel Mine lies in sn area of historic mining

interest. Lying about 50 airline miles northeast of Tucson, Arizona,
the region contains several old mining districts and the early
established towns of Mammoth and Oracle (fig. 4). The first prospects
are known to have been staked in the early 1870*s despite the
hazards of hostile Apache tribesmen. An interesting account of many
details of local mining are given in the papers by Schwartz (1953),
and Creasy (1965).
The very noticeable color of Red Hill, near present Mine
headquarters, had attracted prospectors throughout the years, and
three churn drill holes were finally emplaced on the hill In 1916.
By 1942 the property had changed hands several times, and an employee
of the Magma Copper Company was given an Interest in the property.
This action led to a show of interest by the Federal Government
through the wartime minerals exploration program. By 1948 an
exploratory drilling program had outlined an ore deposit, and the
decision was made to mine the property by block caving methods.
Development of the mine commenced in March 1948 with the
collaring of Number One shaft, and subsequent underground develop
ment allowed for initiation of draw in December of 1955. A reserve

of 500 million tons of

0.8 percent copper ore was outlined during

exploration (Knoerr, 1956, p.75). Production at the mine had
surpassed the 100 million-ton mark by March of 1965 (C.L. Pillar,
personal communication, March 1965).

4
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PHYSICAL CHARACTER OF THE SUBSIDENCE PITS

At the San Manuel Mine, block caving of three distinct
portions of the ore body has resulted in the formation of three
corresponding pits at the surface. In 1965, these pits represented
a total aerial extent of over 160 acres at the surface. The pits
are shown in stereo-vision in figures 3 and

6 and three oblique

aerial photographs are included as Appendix C.
The largest of the pits is that corresponding to the South
Ore Body, and at the time of writing it had attained a depth of over
SOObfeet. Maximum dimensions in plan are 3000 feet in length by
2000 feet in width. The two smaller pits relating to draw of ore in
the North Ore Body section of the mine were quiescent in 1965 due
to inactivity in those particular portions of the mine (fig. 5).
Each subsidence pit is ringed by a series of peripheral
tension fractures which have marked the advance of the effects of
subsidence (shown by barbed lines in figure

1). Downward movement of

conglomerate occurs in response to a general lowering

along

the center-

line of the pits as ore is removed through draw raises many hundreds
of feet below. This movement is marked by an advancing pit escarp
ment and the formation of new tension fractures. The escarpments and
fractures are the result of outwardly-advancing waves of stress
concentrations. The position or location of the fractures has
furnished a method of recording the stages of growth of the pits.
5
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Figure 6

Terrestrial stereophotography showing
the largest of the subsidence pits. A
prominent fault*Cowed boundary escarp
ment occurs in the background of the
pit. Fault planes have also led to the
formation of the large angular blocks
of conglomerate that have slid down
ward into the pit. View is to the north
east, with the Galturo range in the
distance.

GEOLOGIC SETTING

Introduction

The granitic rocks comprising the ore body from part of a
basement complex that is exposed at the surface in a few places,
but which is largely buried by more than a thousand feet of a
conglomerate caprock. The geologic history is complicated and there
are three differing interpretations concerning the nature of
faulting in the area.
Under this mantle of conglomerate, the ore body occurs in
what Creasy (1965, p. 32) has described as " . . . granodiorite
porphyry (occurring) in two large eastward.converging masses
separated by a ... projection of quartz monzonite

The lower

extent of the ore body had not been defined by 1965.
All Igneous rocks in the area have been grouped into one
unit for the purposes of this study (fig. 1). This has been done
because these rocks have been structurally weakened throughout
geologic time and have been observed to exert a relatively uniform
effect on the character of subsidence. The granitic rocks of the
ore body have been intruded in many places and levels by dikes of
rhyolite, andesite, and diabase. The presence of these intrusive*
has served to further weaken the mass containing the ore body and
has led to excellent block caving conditions.

8
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A synopsis of the geologic history of the mine area is
given In Appendix A.

Lithology

The quartz monzonlte basement rock was described by Creasy
(1965) as being coarse-grained and porphyritic," and probably under*
lying the entire area between Oracle and Mammoth.
Granodiorlte porphyry (quartz monzonlte porphyry of Schwartz,
1953) Is the major host rock of copper ore and seems to be confined
to the particular deposit being mined at San Manuel. It is important
to note that Creasy made an extensive examination of the ore through
out the San Manuel and adjacent St. Anthony (abandoned) mines and
found it to be altered at both properties. The alteration produces
a general state of weakness in the ore rock and has had a pronounced
effect on caving In the rained area.
Sedimentary overburden is present in the thick sequence of
coarse conglomerates of the Cloudburst formation and the Gila group.
The Cloudburst formation is oldest of the two units; it is early to
middle Tertiary in age and is essentially a fanglomerate of coarse,
angular fragments of a wide variety of granitic and mafic igneous
rocks, alkali intrusives, quartzite, and limestone. The source area
for these fragments is believed to be in the Santa Catalina
Mountains which are about twelve miles to the southwest.
The thickest sequence of the overlying conglomerates consists
of the Gila group of middle Tertiary to Pleistocene age. The name

10
Glia was first proposed by G.K. Gilbert In 1875 as a name for a
widespread formation found In Arizona and New Mexico. However,
detailed Investigations by Helndl (1958) In the Mammoth area resulted
In his proposal to elevate the Gila to group status, with further
subdivision of the group Into three formations; the San Manuel
(middle Tertiary), the Qulburls (Pllo-Pleistocene) and the Sacaton
(Pleistocene).
Because only the San Manuel formation has a direct Influence
on the character of subsidence, the two younger formations of the
Gila group will not be mentioned further. Lithologies are given on
the engineering geologic map (fig.

1).

Geologic structure in general

The structural setting of the mine area is intimately Involved
in the surficlal expression of subsidence. Previous workers in the
area have not agreed on the nature of much of the faulting, but the
faults themselves are well defined and their effect on subsidence Is
clear.
The first Important major structural event that occurred in
the area around the San Manuel Mine appears to have been the
Intrusion of the Laramide granodtorlte porphyry into the Precambrian
quartz monzonite basement complex. The Intrusion apparently caused
widespread fracturing In the host rock of the present ore body.
Post-Cretaceous and pre-Pllocene deformation produced hlgh-angle and
reverse faulting in the area to the west of the San Manuel Mine.

11

In Pliocene time, movement occurred along the San Manuel fault and
Its associated planes of weakness and further disturbed the host
rocks.
Both the massive rocks of the ore body and the overlying
conglomerate have been cut by three major northwest-trending faults.
Associated with these major faults (San Manuel, Mammoth, and
Choila) are many near-vertical normal faults that exhibit opposing
dips to the northeast and to the southwest. The greatest effect of
this faulting Is that these planes of weakness are found In all but
the youngest rocks In the area (late Pleistocene).
Helndl (1963, p.E-27) believed that the fault systems could
be grouped genetically Into two sets, namely the San Manuel fault
and related faults, and the Choila fault with Its associated faults.
All faults In the area are marked by sllckenslded surfaces (fig.

8)

and some of the traces are found with resistant gouge zones at the
ground surface.
Deformation by faulting has occurred throughout the geologic
history of the mine area. Each succeeding faulting event has
substantially weakened the host rocks so that the effects of removal
of support for the massive sedimentary blanket, through vithdrawl
of ore from below the surface, are easily transmitted to the surface
along these and other planes of weakness.

San Manuel fault
The San Manuel fault has resulted In the placement of a
thrust sheet of conglomerates against the older Igneous rocks of

12

the basement. This single feature transcends all other structural
elements in the area in its influence on the character of subsidence.
On the basis of the available evidence, the writer agrees with
Wilson, Wilson and Steele (1947), Wilson (1957, p.8), and Helndl
1963, p. E-38), that the San Manuel fault is indeed

a thrust fault.

But the origin of the fault is not of great significance
to the subsidence problem. The important fact is that the rocks
have experienced movement over a long period of time along many
faults, and that the caprock is of uneven thickness due to the
presence of the San Manuel fault.
Most prominent of the effects produced by the San Manuel
fault is the associated faulting and fracturing found mainly in the
thrust sheet of the fault itself. Fractures in the conglomerates,
parallel normal faults in the conglomerates (which may extend into
the underlying granitic rocks), and many of the subsidence tension
fractures are intimately involved with the effects of this one
major fault. As shown on figure 1, there is a greater abundance of
parallel faults in the thrust sheet surrounding the subsidence pits
than to the north of the San Manuel fault. Faulting north of this
line is largely the result of the associated normal faults and a
possible shear zone paralleling the Choila fault.
The San Manuel fault not only produced fracturing of the
caprock but has also caused

a pronounced wedging-out of these rocks

(fig. 7). The thrust sheet places the conglomerate perpendicular
(in dip) to the fault plane (and dipping toward it). There

la a
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thinning of the conglomerate to the north, little more than a cover
of residual soli of conglomerate overlies the Igneous rocks exposed
In the North Ore Body pit.
In Its surface trace, the San Manuel fault enters the mine
area from the body of quartz monzonlte to the northeast, and then
passes Into the subsidence area (fig. 12). In the vicinity of the •
subsidence pits, the fault trace is displaced In two locations by
the Mammoth and West faults. There Is a considerable local variance
in strike. It Is difficult to trace the fault on the surface between
the South Ore Body pit and the North Ore Body East pit due to the
high density of faulting In that area. The strike averages north
60

west with a fairly uniform dip at the surface of about 30* to

the southwest. Both Wilson (1957) and Creasy (1965, p. 34) noted the
presence of the fault in the subsurface workings of the mine. They
reported considerable evidence of this fault, in terms of gouge
zones several feet thick, shearing or crushing of surrounding
porphyry, and, in many places, characteristic red sllckensides.

Northwest-trending normal faults

Two additional faults In the area are of sufficient magnitude
to cut through both the caprock and the Igneous rocks of the mine
workings. These are the Mammoth and West faults, and they occur
(fig, 1) in the North Ore Body East pit and in the South Ore Body pit.
Although these faults were previously believed to be high-angle
normal faults in their entirety, Creasy (1965, p.35) found and
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examined alickensides along the fault planes in the now-abandoned
St. Anthony Mine to the northwest and concluded that the displace
ment along the Mammoth fault had been oblique, with unequal amounts
of movement between the St. Anthony and San Manuel Mines. It can be
assumed that the movement occurred in Isolated blocks along the
fault as a result of localized stress concentrations. This is
probably also true of the closely paralleling West fault.
In accord with the thought concerning varying modes of
movement along the Mammoth fault. Creasy (1965, p.35) postulated
the presence of localized shear zones. This contention was proved
by mapping in the subsidence area, where a series of slickensided
fault planes appear as subsidence escarpments inside the north edge
of the North Ore Body East pit (fig. 1). Tension fractures have
also developed along a series of faults that parallel the Mammoth
and West faults in the area north of the North Ore Body East pit.
The Mammoth and West faults are well marked by slickensides
at the surface and are definately younger than the San Manuel
formation and the San Manuel fault. Wilson (1957, p.30) thought
that the series of fault movements was caused by tearing in the
thrust plate of the San Manuel fault. Associated with these tear
faults are several near-vertical and vertical normal faults found
in the lip of the thrust sheet, where a decrease in thickness of
the conglomerates has allowed a greater degree of faulting to occur.
Displacement along the tear faults is difficult to assess in all
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but a few places, such as in the east face of the South Ore Body
pit where the dip slip component is less than a few tens of feet.

North-trending faults

A third set of faults consists of many north to north
westward-trending faults that occur in the North Ore Body East and
West pits. These are typified by the faults shown in figure 11.
The thickness of the San Manuel formation exceeds 1100 feet but it
thins rapidly and disappears where the San Manuel fault truncates
its beds. These parallel faults do not correspond in strike to any
other set within the area and they may also represent tears of the
nature proposed by Wl1son for the thrust sheet. The strike of these
faults is remarkably parallel, and the planes do not diverge greatly
from the overall average strike of the San Manuel fault.

Cholla fault

The Cholla fault is of importance solely because it now
limits the northward expansion of the South Ore Body pit (fig. 1).
The fault separates a block of Cloudburst conglomerate from the
majority of the conglomerates overlying the ore body and subsidence
area. The fault strikes about N 40* W and dips steeply to the north
east. Compositional differences in the Cloudburst and San Manuel
formations have produced a marked variation in the tonal character
of the units on aerial photos and the fault can be easily traced in
this manner (fig. 3).
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Immediately within the northwest corner of the South Ore
Body pit, a series of genetically related en echelon faults have
caused subsidence movement quite close to the ChoiIa fault. These
faults are shown on figure 1 as a series of parallel fault symbols
and tension fractures. As of the middle of 1965 the only effect
that subsidence in the nearby pit had Imposed upon the Cholla fault
was a minor parting or opening of the walls along the fault in the
alluvium of

a wash about 400 feet north of the pit.

The Cholla and its related faults have deterred the advance
of the pit for over four and one-half years. This relationship can
be seen In figure 16, where the growth of pit escarpments along the
northeast face has been slowed by the presence of these faults. The
faults have relieved a great deal of tensile stress by releasing
large masses of conglomerate from the surrounding stable ground.

Fracturing

As a continuation of the study to determine the best possible
method of mining at San Manuel, Wilson (1960, p.26) made an
exhaustive study of fractures in over 26,000 feet of drift on the
1275, 1415, and 1475 levels of the mine. These data were collected
prior to lagging and concrete work and represent information unavail
able at this time. Wilson plotted his results on histograms and
found that the fractures did not have a random attitude but grouped
fairly well into eight systems. His work has aided subsidence
investigations by demonstrating that the fracture system is

sufficiently homogeneous to produce even breakage of rock In all
directions.

Table

1

Fracture systems at the San Manuel Mine
(Wilson, 1960)
North-south and east-west ------- most prominent and
of equal Importance
N 30* E
N 45* E
N 60* E
N 60' W
N 45* W
N 30* W ------------------------ of least prominence

Figure 8

A series of en echelon normal faults
have deterred the advance of the north
east escarpment of the South Ore Body
pit. View is to the northeast across
the San Pedro valley toward the Galiuro
range. Note the white patches on the
fault surfaces; these are remnant
slickensides.

Figure 9

North-trending normal faults have
provided the North Ore Body West pit
with the highest density of faulting
of any of the three pits. View Is
toward the north-northwest and a face
opposing the 3100-foot contour along
the northeast escarpment. Fault planes
show a slickenslded surface and minor
displacements of a few feet.
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PHYSICAL CHARACTERISTICS OF THE ROCKS

A thorough consideration of the strengths of the rocks
Involved with subsidence at the wine will show that the rocks are
not strong as a unit. When considered as swell blocks, free of
structural discontinuities, the sedimentary rocks of the overlying
caprock have a great deal of strength. However the discontinuities
in both types of rock and chew!cal and hydrothermal alteration in
the ore body have destroyed any appreciable strength when the units
are considered as a whole.
Rock strengths are referred to in general descriptive terms
due to an inability to make meaningful bulk strength measurements.
In the future, it is hoped that worthwhile strength measurements way
be wade that will reflect the strength of large segments of the
rock and will take into consideration the large number of
discontinuities present.

Quarts wonsonite and granodlorite porphyry

An important requisite and key to success in mining the ore
body is the relative ease with which the rocks will break into
relatively small fragments for block caving. Blasting is routinely
used in developing the draw raises, but the flow of rock is largely
unhampered once it has begun. Twelve-inch grizzlies are used in the
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drifts and miners with "mucking” duties are on hand to break any
fragments that are too large to move through the steel bars.
The degree of weakness of the ore Is entirely due to the
fracturing and widespread alteration that Creasy (1965, p.lUnoted
as common throughout the ore body.
Creasy (1965, pp. 39 and 54) also provided the following
sequence of formation of the alteration products:

1) propylitic (commonly weak chlorttlc);
the youngest stage of alteration
2) potasslc (potassium silicate)
3) argllllc (formation of clays)

In a study of the ore deposit, Creasy (with Pelletier, 1965,
pp. 40 and 49) found that this rather Intensive alteration began
along fractures and resulted in the formation of varying amounts of
clay minerals, together with sericlte, chlorite, ealclte* and
epldote. Kaollnlte occura throughout the granitic rocks; It Is a
surface coating In argilUsed porphyry, and occurs in the subsurface
as an hydrothermal alteration product. Kaollnlte and sericlte are
well known as agents destructive to rock strength.
In the terminology of a recently proposed rock classification
for use in rock mechanics (Coates, 1964, as modified by Burton,
1965), the rocks of the ore body show "blocky continuity” with the
spacing of fractures ranging from about three Inches to six feet.
Throughout those portions of the deposit that have been mined, the
rocks have been highly fractured, jointed, and sheared, but Creasy
(1965, p.7) noted that in no place did the rock approach a gneissic
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state. Such discontinuities are undoubtably a reflection of the
tectonic history of the area, and their deleterious effect on rock
strength has been intensified by the superimposed alteration.
Throughout the ore body, and also noticeable on the surface,
are e variety of aplite, diabase, and rhyolite dikes that have
occupied prlixlsting fractures in the quartz monzonite and the
granodiorite porphyry. These dikes have the general effect of weaken
ing the rocks and they also have facilitated block caving.

The conglomerates

Cementation, induration, and the fact that most of the
fragments are coarse and angular provide the consolidated sedimentary
rocks of the Cloudburst and San Manuel formations with considerable
strength, in blocks not cut by discontinuities.

Cloudburst formation

The Conglomerates of the Cloudburst formation are of import
ance only in the fault block positioned along the northeast end of
the South Ore Body pit. Overall physical characteristics of the
Cloudburst and San Manuel formations appear to be much the same,
but there is a great deal of variance occuring laterally and
vertically within the unite. Lithologically, the Cloudburst formation
is a fanglomerate composed of quartz monzonite, granodiorite porphyry,
aplite, gabbro, various volcanic rocks, quartzite, and limestone
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fragments. The rocks are generally well cemented and exhibit a good
degree of sorting within Individual beds. The formation is well
bedded and particle else ranges from sand to cobble.

San Manuel formation

The San Manuel formation la known to be in excess of 1100
feet of thickness in the vicinity of the subsidence pits (fig. 28).
This conglomerate ranges in color from dark gray to a pronounced
purplish gray and is made up of cobble to boulder-sized fragments of
volcanic rocks, older Cloudburst fanglomerates, quartz monzonite,and
granodiorlte porphyry set in a sandy matrix (fig. 10).
The unit as a whole is generally poorly sorted and the
bedding that is present is massive. Cementing of the conglomerate
has yielded a characteristic near-vertical break with strength also
due largely to interlocking angular fragments. Lenslng is prevalent
throughout the formation. Nodular tuff beds a few inches in thickness
are another Indication of the heterogeniety of the San Manuel
formation. The structural integrity of the unit has been weakened
with the addition of poorly bonded contacts at bedding planes that
separate the tuff beds from the eurroundlng rock.
Shearing strength of Individual blocks of the conglomerate
is probably high because the critical (maximum) possible height of
free faces found along the boundary escarpments of the pits approach
50 feet. Natural breaks in these faces will occur at approximately
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90* and the faces will stand for months on end. Collapse will
occur only when weathering and stauratton by rain have combined
with removal of support at the toe of the face. Weathering of the
slickensides, that protect some of the faces, will result in an
accelerated rate of disintegration of the escarpments.
When the formation Is considered as a blanket deposit
overlying the subsiding area, strength as a unit is destroyed by
the numerous faults and fractures that occur in the formation (flg.9).
The thickness of the formation affects the process of sub
sidence in three ways: 1) it Increases the llthoetatlc pressure
(or vertical applied stress) on any given portion of the caprock
that is bounded by faults, 2) it increases the tfetefensss of the slab
of conglomerate that must be broken, and 3) it aids in breaking
underlying ore after the initial stages of subsidence have occurred.
This process will be discussed in greater detail In the section
describing the mechanics of subsidence.

Figure 10

View of typical exposure of the San
Manuel formation showing its coarse
character and purplleh»gray color.
The maximum diameter of the gray
boulder in the center of the face is
about three feet. (Location is a road
cut on the main mine entrance road
along the weat side of the North Ore
Body West pit)

EFFECT OF GEOLOGIC STRUCTURE ON SUBSIDENCE

Introduction

Efforts of earlier geologists working In the San Manuel
area were hampered by a lack of surface expression of faulting.
Schwartz, (1953) In his presentation of the first geologic map of
the mine area, was able to rely upon churn drilling data to arrive
at a highly accurate interpretation of the structure. Because
Wilson's structural studies of the mine workings had not yet been
completed (1957 and I960), the relation of geologic structure and
subsidence from block caving was not well understood.
Crane (1931) thought that geologic factors contributed
to a state of instability in the caprock over a block-caved mine,
and that they played an important part in subsidence. He listed
structural defects in order of their relative dominance:

1)
2)
3)
4)

faulting planes
bedding planes
joint planes
other prominent planes of
weakness such as thrust
and shear planes and contacts

At San Manuel Mine, now that the effects of subsidence have
revealed the structure of the area in the walls of the pits, geology
is known to be an important factor indeed.
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The question of relative importance of geologic factors In
shaping the subsidence pits Is open to some question. In all cases,
prominent structural features are oriented so that they coincide
with the orientation of the caved blocks and panels. A glance at
figures 1 and 5 will illustrate that the following relationships
occur:

1)
2)
3)

4)

center-line of pits and drawn
panels are parallel;
boundary lines of pits and
drawn panels are parallel;
long dimensions of pits are
perpendicular to the strike of
the conglomerate caprock;
faulting In the area has an
average strike parallel to the
short dimensions of the panels
and of the pits.

Fractures

After analyzing subsurface structural data, Wilson (1960,
p. 30) was confident that the coincidence of the underground
fracture system with the principal scarps of the subsidence pits
indicated that the fracture pattern governed the pattern of
subsidence. Now that subsidence has fully developed, it is apparent
that the fracture pattern in the underground workings (there are
eight systems) has only an ancillary relationship to the pattern of
subsidence. This pattern, together with a coincidence of orientation
of the ore body, attitude of the caprock, and a fortuitous location
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of faulting parallel to the atrike of the caproek, haa allowed the
effecta of aubsldence to better conform with the outline of the
underground workings.
The highest density of faulting occurs in the fferth Ore Body
West pit where a series of an echelon faults have carried the pit
deep into the conglomerate at the northeast end (fig, 9). Enright
(personal communication, 1965) firmly believes that these faults
are the surface expression of the Hangover fault zone that is exposed
(prominently) in the underground workings.

Faulting

Enright's contentions concerning the Hangover fault zone
and its surface expression serve to point out that moat of the
major faults in the caprock are direct extensions of faults present
in the subsurface. These faults were formed after the development of
the San Manuel thrust plane. Indeed, of all of the major faults
present in the mine rock. Only the Vent Raise fault, with its
anaoolous strike of N 59* E, has no confirmed counterpart at the surface.
This fault was exposed on the 1415 and 1475 levels of the mine
directly below the strip of surface area connecting the North Ore
Body East pit with the South Ore Body pit.
'

f

At the extreme north corner of the South Ore Body pit a
series of parallel, near-vertical faults have facilitated massive
subsidence of a fault-isolated block of Cloudburst conglomerate.
Strength of the rock is high enough to resist breakage into relatively
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small blocks, as is true in other parts of the pit. The sitoken*
sided fault planes have produced a series of massive blocks of
conglomerate at different'elevations (figure 8).
The faults that are prominently exposed in the North Ore
Body West pit show a divergence of bearing from that of the dominant
faults in the area. Faults are not found in the granitic rocks on
the north side of the San Manuel fault. This failure to cross the
fault indicates that these faults were formed as a result of

the San

Manuel thrusting or from forces active after the fault had been
formed. It is most probable that the faults formed as a result of
the thrusting.
A last type of faulting, that has been rarely noted in this
area, is that of bedding plane faults in the conglomerate. One such
fault was exposed near the extreme southern corner of the South Ore
Body pit, where blocks of conglomerate slid Into the pit along the
exposed bedding plane. Bedding plane faults and normal bedding
planes have probably created breakage by spalling of the under
surface of the caprock, as stresses created by mining worked their
way upward. Parting along bedding planes and separation along faults
and fractures have provided broken material to be transported down
ward toward the points of draw.

Sumoary

Normal faults, bedding plane faults, bedding planes,
fractures, and the single thrust fault have combined with structural

<
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defects in the ore body to prevent the formation of an arch in the
Caprock. This means that the mass of unsupported conglomerate has
not remained intact throughout the process, to act as a simply
supported beam spanning the caved area. The discontinuities have
aided in the breakage of the conglomerate into relatively small
blocks and have made the caprock more susceptible to the effects of
concentrated stresses created by mining. The discontinuities have
allowed for a more complete conformation of the subsidence area
with the drawn areas below.

Figure 11

Slickenslded fault planes are con
spicuous in the North Ore Body West
pit, where they account for much of
the preferential breakage bounding
large blocks of conglomerate within
the pit. In addition to the whitish
surfaces of the slickensides, note
the angularity of the blocks.

Figure 12

The North Ore Body East pit with Red
Hill in the background. Color differ
ences denote individual fault blocks
of quartz monsonite (qm) and conglomerate
(c). Dashed lines represent faults,
with the San Manuel thrust plane
occuring at the left. The steel stake
in the foreground is about six feet
in height.
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Figure

13

A view of the northeast escarpment of
the South Ore Body pit showing an
abandoned highway and bridge destroyed
by the effects of subsidence acting
along fault planes.
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Fig. 13

Figure 14

Vertical aerial photograph showing
relationahlpa between faulting and
•ubeidence pits at San Manuel Mine,
Major named faults in the area are
so labeled, (Courtesy of Aerial'-iC.
Mapping Company, Boise, Idaho;
enlarged to approximately 1*7,350
by Lunar and Planetary Laboratoties,
University of Arisons. Flown January
1964)
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PERIPHERAL TENSION FRACTURES

Introduction

One of the earliest noticeable effects of subsidence to
occur at the property was the formetion of fractures In the ground
surface. These were produced by a gentle settling of the ground
surface that first accompanied withdraw1 of ore. Through time,
these fractures widened and became as deep as 300-500 feet (Enright,
personal communication, 1965). Continued widening of the fractures
has resulted in varying amounts of vertical and horizontal move
ment, together with a general shifting of individual blocks of
conglomerate toward the center of each subsiding area.
The South Ore Body was the site of the first caving at the
mine and the fractures first formed at the surface at this locality.
After two years of active mining, the first well-defined boundary
escarpment began to form along the former fractures, and a nearly
equidimensional subsidence area was outlined (figures 22 and 23).
As each of the ore bodies was caved and drawn, these tensional
fractures developed and ringed each pit with a series of both
straight and arcuate fractures. In all cases these fractures have
remained remarkably parallel to existing boundary escarpments and
have mirrored the future expansion of each pit.
34
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Growth of th« fractur«»

Growth of the tension fractures has followed a definite
pattern. This begins with an initial parting along a p r M x i s t m g
fracture or fault that Is perpendicular to the strike of bedding
in the sound rock. At first, there is a degree of vertical movement
in the freed block, followed by horizontal movement. Rotational
movement in the freed block of conglomerate M y come as the toe
of the downhill m s s

Is removed through transport of Mterial into

one of the pipes that exists at the bottom of the pit.
The stable ground surrounding the fractured area remains
intact until tensile stresses are concentrated against it to form
new peripheral fractures. After rupture of sound rock, or parting
along a prlixisting fracture has occurred, the isolated masses of
caproek begin to move. Ensuing downsiope movement and weathering
breaks the unite Into much smaller pieces. Finally, transportation
to lower levels of the pit is accomplished by mass wastage.

Mode of development

Orientation of fractures follows two modes: 1) parallel to
(and including) existing normal faults in the area, and 2)
perpendicular to both the long dimension of the caved area below
and the boundary escarpment that marks the longest dimension of each
pit. Figure 8 shows an example of a slickensided fiult plane in the
area between the South Ore Body and the North Ore Body East pits.
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The subsidence fractures are formed as a result of stresses
as the caprock attempts to form an arch to resist widespread
caving. Tension fractures arise in response to vertically applied
leading, imposed by the weight of the caprock itself. The loading
also, induces further breakage in the caprock as the underlying
support is removed through the drawing of ore in the mine workings
below. The caprock is faulted and fractured into a large, but
unknown, number of individual blocks. Due to this condition, the
effects of vertical loading and the resulting tensional failure
cannot act laterally for appreciable distances beyond the boundaries
of the caved mess of ore lying directly below the Conglomerate.
There should be a fairly close correspondence between the outline
of the caved area of the ore body and the location of the newest
tension fractures at the surface. At San Manuel Mine this 1* not
the case, and the outer limits of the subsidence pits far surpass
those of the underground caved areas (figure 5). The reason for
this condition probably lies in the fact that the vertical loading
of the underlying structurally weak rocks of the quarts monsonite
and granodiorite porphyry permits a secondary phase, of breakage
under the weight of displaced blocks of conglemarate. This, in turn,
increases the extent of subsidence at the surfs##. The process is
discussed later.
Griswold (1957, p.80) also related the formation of tension
fractures, in part, to stress relief occuring in the mass of
conglomerate as a result of block caving. This appears to be
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partly true, but more than half of the tension fractures are located
on the lip of the San Manuel thrust plate where an ideal avenue of
stress relief occurs along the surface of the fault. The nappe of
the thrust sheet can be considered to be a free face due to the
minimal amount of lateral constraint present along its surface
exposure.

Thickness of caprock

The attitude of the conglomerate affects the formation of
tension fractures through a variation in thickness of the caprock.
If there is a uniform removal of support from a given area, that
portion of the area under the greatest vertical loading will
certainly rupture first. This assumes that all other factors are
equal and that there is virtually no lateral constraint. A lack of
lateral constraint occurs wherever the conglomerate has been removed
along a tension fracture through rotational or translational move
ment. The general stress condition is illustrated in figure 15.

Escarpment failure generally occurs rapidly; large blocks
of conglomerate part from stable ground instantaneously. Substantial
downward movement of the broken fragments will follow in areas where
mass wastage has previously removed detritus from the toe of the
escarpment. Such rapid downslope movement has occurred in the north
east corner of the South Ore Body pit (figures 40 and 43). The
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presence of a steep slope below the freed block allowed rapid
transport of broken fragments of conglomerate directly Into the
pipe areas below. The mining term "pipe" Is used to label those
features and Is here defined as a funnel-1Ike extension of broken
rock connecting the surface with the caved areas below (fig. 31).

tension
compression

Figure 15.

/

Diagram showing the effect of
attitude of bedding and removal
of lateral constraint on the
formation of tension fractures.

The underlying Igneous rocks are structurally
weaker than the overlying conglomerate and a
cantilever effect, combined with the relative
thickness of conglomerate, makes vertical stress
Syi greater In Its effect than Sy2. Also, tension
Is concentrated at the pit escarpments where e
lack of constraint toward the pit will cause
failure of the slope In tension.

Role of faulting

Faults are often Involved In the formation of arcuate
tension fractures around the periphery of the pits. Such an
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occurrence is shown at an Intersection o£ a tensionally-parted
fault plane with two tension fractures of differing strikes
(fig. 18). The fractures meet and form a bend in the trace of a
combination peripheral tension fracture in the north corner of
the South Ore Body pit. Parting also occurs along major fault planes
some distance from the nearest pit boundary. In this manner, the
walls of the Choila fault have opened In the alluvium of the wash
some 400 feet north of the South Ore Body pit.
Subsurface faults with trends anomalous to those noted at
the surface (such as that of the Vent .-talse fault) are not believed
to form into tension fractures. It is probable in this Instance that
the subsurface faults aid in the upward movement of broken rock
through parting along these discontinuities and along bedding planes
in the caprock.

Figure 16

A tension fracture located In the area
between the South Ore Body pit and the
North Ore Body East pit. No prftixlsting
planes of weakness were apparent. Local
ized irregularities of the break account
for the rough walls of the fracture. A
fault plane Intersects the fracture at
nearly a right angle.
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Fig. 16

Figure 17

Fault planes, newly opened in tension,
fore fracturea astride an*abandoned
highway. Each of the three parted blocks
of conglomerate visible moved downward
into the pit within a few weeks after
the openings occurred. The view is to
the south, along the northwest face of
the South Ore Body pit.
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Fig. 17

Figure 18

Tension fractures join to form a
boundary fracture, bending at the
north corner of the South Ore Body
pit. The fracture trace marked by a
iashtd line Indicates parting along
a fault plane. The parting followed
a heavy rain and was about two weeks
old when photographed. The combination
dashed and dotted line represents the
new peripheral tension fracture
paralleling the corner line of the
pit.
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GROWTH AND DEVELOPMENT OF THE SUBSIDENCE PITS

Introduction

The first effects of subsidence to occur on the surface of
a mining property are naturally time dependent upon the rate and
amount of ore withdrawn from the mine, and upon the geologic
conditions of the ore body and caprock. In addition to these factors,
climatic conditions will probably play an active part in the
behavior of the surficial materials in subsidence pits.
It is difficult to assign a definite time span to the
formation of the features that occur during the process. Initially,
it appears that the character of subsidence at San Manuel Mine
has been marked by two general stages; a preliminary period of
teneional fracturing, together with gentle settlement of the
ground surface, and a final period of slowly developing, pit-like
sinking of the ground surface.
One set of statistics that is commonly given in the
literature on the development of subsidence at a property is the
"time-lapse" between initiation of draw and the occurrence of
noticeable effects at the surface. At San Manuel Mine, the timelapse was more than 100 days (Griswold, 1957, p.38). But there
has yet to be developed a theory of subsidence that will allow
for significant utilization of Ckise 0ata concerning the effects
of subsidence. The time itself will alter considerably, being
43
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dependent upon geologic conditions and mining methods and will
continually shorten at a given property after caving is in progress
and the ground has been substantially weakened.
The time-lapse is usually associated with the formation of
pipes at the surface. Pipes are-upward extensions of caved areas
that provide a path for the transport of broken fragments of
conglomerate into the mined area below (fig. 31), Formation of the
pipes is partly due to the gravitational effect of vertical loading
induced by masses of broken conglomerate resting above them, and,
in part, also due to stress concentrations sreftnd their lower extents
that is caused by mining activities.
Appearance of the non-minerallzed caprock in the draw levels
is detrimental to production. Finger raises are blocked by order of
the stops engineer whenever the conglomerate appears and draw is
curtailed at such locations.
The first pipes to be observed at San Manuel Mine were
formed during Identical periods of time. Griswold (1957, p.38)
believed that the identical formation times of these pipes indicated
that the relative thickness and structural condition of the
conglomerate at any one location had little or no effect upon the
process of caving. Such an independence between rate of pipe for
mation and geologic factors does not appear to apply. There are a
multitude of possibilities that could be effected by localized
conditions or by changes in the rate of draw. A particular
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time-lapse will pertain only to particular locations of nearly
equal or similar conditions and cannot be expected to be used
effectively at any other property.
Growth rates for the pits have been plotted (fig. 19)
showing the total footage of the periphery of each pit measured
at regular intervals. The plot Is seat-logarithmic and shows that
the growth rate Is quite uniform throughout the process. A flattening
of the growth curve indicates a trend toward eventual stabilisation
of the process. A stabilizing trend began to appear about the
beglning of 1963 for the South Ore Body pit. The growth rates of
the two remaining pits had begun to flatten before they were
inactivated in 1964.
The initial points of each of the three curves represent
the first appearance of a well-defined, continuous boundary escarp
ment at a particular pit. Note that the periphery of each pit formed
at a time when the total circumference of pits ranges from over
500 feet to several thousand feet. Figure 23 shows the South Ore
Body pit in November of 1957, about two years after mining had
commenced. This was the character of the original pit outline*.

South Ore Body pit

In the first stage of pit development, fracturing was noticed
on the surface about three months after draw had been initiated.
These fractures were followed, at seven months, by the formation
of a breakthrough in the form of a pipe (fig. 23). Pipes are
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further Illustrated in figure 31 where they are depicted as funnellike columns of broken rock extending from the surface to the mined
area below. Storms and Hardwick (1957, p.13) estimated the pipe to
be about 100 feet in diameter. The same observers also noted that
nearly two years after mining had begun, subsidence had attained a
rate of about 0.26 feet of vertical movement per day, over the
center of activity. At the same time the subsidence area had
assumed the character of an incipient pit with well defined boundary
tension fractures outlining about one-half of the circumference of
the pit, A series of ill-defined and discontinuous fractures out
lined the remainder. Escarpments had just begun to form along the
-widening tension fractures. At the stage of development shown by
figure 23, the fractures had widened along the southeast side of the
pit to about 80 feet of horizontal separation. The (one) pipe
present had become relatively quiescent and activity was centered
around the settlement of the ground enclosed by tension fractures.
If the caprock is considered a beam overlying the mined
area, then fracturing resulted from deflection of the mass of
conglomerate (fig# 20).
Deflection of the original beam resulted in a concentration
of compressive stresses above the upward-advancing pipe and tensile
stresses along the margins of the pipe. The beam yielded continuously
in an elastic fashion, with some localized vertical slippage along
faults and other planes of weakness. The beam then ruptured at the
time the advancing pipe penetrated the full thickness of the
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of the conglomerate and appeared at the surface. With this failure
of the beam as a unit, tensile stresses were redistributed elong
the margins of the pipe and there caused breakage of the rock
along planes of weakness and at areas of critical stress concentrations
(fig, 21), Areas of critical stress concentrations are points at
which the applied tensile stress exceeds the bulk tensile strength
of the conglomerate making up the surrounding stable ground.

Figure 20. Diagrammatic sketch showing
concentrations of tensile stresses that
cause breakage around the margin of the
growing pipe, while compressive stresses
aid in breakage overhead.

As is noted in figure 20, there is a degree of tensile
stress surrounding the area undergoing application of compressive
stresses. The upward direction of these tensile stresses tends to
elevate the ground surface. There has been movement of this type
noted at the property. McLehaney (1958, p.4l) found several instances
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in which survey pins were actually elevated while experiencing little
or no laterel movemen t. McLeHaney gave no explanation for the
phenomenon, but it would appear that the resultant elevation of the
ground surface was a response to these tensile forces. Just prior
to breakthrough of the pipe at the surface.

f ",'

Figure 21. State of stress In the conglomerate
caprock at the time of penetration of the uAlt
by a pipe of broken rock. Presence of the weaker
porphyry below the caprock induces flexural
stresses in the surrounding conglomerate, much
like those found in flexure of a cantilevered
beam.

The subsidence area over the South Ore Body began its
growth at approximately the center of the present pit and expanded
rather unevenly with respect to time. Initial development of the
escarpments favored growth in a northwesterly direction (fig. 22)
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but the development of the past five years has led to equalization
through growth of the pit at a faster rate toward the southeast.
It Is Interesting to note that Johnson and Soule (1963, p.33)
state that there Is a "normal linear relationship" between the
depth of the mined area and the horizontal Influence of subsidence
at the surface. The relationship is stated to be about 750 feet of
lateral growth at the surface for each 1000 feet of depth of mining
activity. There is no mention of the basis for the statement, but
figure 9 shows that In 1965, the relationship does not appear to be
valid. With mining now in progress on the 2015 level of the workings
the above-stated rule would imply that the surf leial extent of the
pit should be more than 1500 feet (horizontally) away from the
center-line of the caved blocks. But, these points on the surface
now occur from only 800 to 1200 feet away from the-center-line. Even
If one were to consider the farthest development of peripheral
tension fractures, this rule would still not be satisfied.
A further consideration of pit growth has shown that the
effects of subsidence extended first into the area, of the thinnest
caprock (to the northwest) and later into the thicker portions of
the caprock. This initial growth was from a central area not
coincidental with the center-line of the pit. Recent activity has
brought the center-line of the pit into coincidence with the centerline of the caved blocks below (fig. 9).
The effect of faulting is such that there has been some
parallelism between known fault locations and the positions of the
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boundary escarpmenta. However, this has not always been the case as
Is noted on figure 16. the anomalies are due to the presence of
unrecorded faults and fractures and by local modifications of the
escarpments caused by spalling from their free faces. Faulting was
the most active agent at the surface In sculpturing the escarpments
and faulting probably acted to slow the process of growth between
succeeding pit boundaries.
The Bureau of Mines and the Magna Corporation recorded
subsidence data at regular Intervals for a four-year period. This
information was compiled in figure 25. Intermediate compilation of
the data showed a reversal in the horisontal component of movement
of many of the pins. This indicated the movement of broken material
within the pits has been In direct response to mining in varying
locations within the mine. This has been true, particularly after
subsidence caused breakage of the conglomerate and allowed it to
respond rapidly to stimuli produced by caving at different locations.
From time to time there has been stabilization of lateral
growth of the pits. This has depended upon localized geologic
factors present and the location of mining activity with depth. The
pits have been adjusting to changing stresses throughout their
existence. About seven years after mining had begun (1963) the
South Ore Body pit reached a somewhat stabilized pit boundary
through development of a single escarpment as high as fifty feet.
Growth since that time has been localized and had been caused by

Figure 23

Aerial photograph showing the South Ore
Body pit in Its formative stage (November
1957) This was the first actual outline to
form. A pipe is denoted by the arrow near
the left edge of the pit where it Inter
sects a damaged road. The tension fracture
shewn along the lower edge of the photo
Is approximately 80 feet wide. (Photo by
Blanton and Cole, Tucson, Arizona; courtesy
O.S. Bureau of Mines)
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lowering of the pit bottom end the ensuing removal of material
from the bases of the escarpments through mass wastage.

North Ore Bndv West pit
Conditions In this InterwdlsM-sited pit h«v. boon
substantially different from those of the other t » pit.. Johnson
end Soule (1963, p.31) s M t e thet there ... . period of 300 deye
fro. the beginins of -ining until the fir.t fr.cture eppeered on
the surf.ce. An eddlMooel 60 dey. « r . required bef.r. the fir.t
settlement of the ground surf.ee

.. detected. During this 360-d.y

period predeeding settlemt. It I, most likely thst the ceprock
... arching over the cased block. (C.L. H l l « . » « —

* =onmunl..tl«

1963). When M ttl«M nt reeched . critical point, the ..suing
subsidence ... rapid and large ~ a n t . of conglo«t.t. broke « d
caved into the forming pit.

Thickness

of the esprock in the vicinity of this pit tenges

fro, .bout 330 feet to slmo.t 1100 feet. The density of f.ultlng is
greater then et any other location (fig. 1)«
Pit grorth he. been ouch the some as that of the South Or.
Body Pit, .1th the exception thet grouch line. (a. .boon in fig. 24)
has. exhibited . greeter degree of regularity with a more even
progression fro- on. line to soother. HorthM.C snd » u t h « . t
•ecarpuMt. hss. .pper«.tl, .Le y " f " o u e d the contect. of pre
existing faulting. The usual p.rlph.r.1 O . l o n fr.ebire. occur but
these are of . greeter density than In the South Or. Body pit area.

Peripheral Growth, North Ore Body Pits (1956-1965)
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There is every indication that pipes were formed here, but
that the inactivity of the pit prior to this investigation produced
destruction of such features.

North Ore Body East pit

Curtailment of draw under this pit has limited growth. The
pit is centered around a tongue of quartz monsonlte exposed at the
surface and a pipe has developed along a fault.
Because the pit did not have sufficient time to grow and
become stabilized, the area covered by pipes is abnormally large.
Average thickness of the conglomerate around the pit is about 200
feet. Peripheral tension fractures have extended laterally to a
greater distance than in the other two pit areas. This is partially
due to the slight thickness of the conglomerate causing greater
fracture development and is part due to timing of mining In the
area. The pit began to form in. 1962, which led to some degree of
fracturing by stresses originating over the previous six years of
mining immediately adjacent to the present pit area.

MECHANICS OF SUBSIDENCE

Introduction

In centuries past, subsidence due to mining operations has
occurred principally in coal mining regions. The gentle settlement
that usually resulted spread over the mined areas and occasionally
caused a great deal of damage by cracking and displacing surface
installations. However, at the turn of the century, mining on a
larger scale of underground operation was required and the removal
of large quantities of relatively low-grade ore was begun. The
subsidence pits that have resulted from these mines have been
measured in thousands of feet of surface extent and in hundreds of
feet of depth.
There are a number of parameters or factors acting upon the
host rock of the area in the formation of these large pits. These
factors have been both geologic and man-initiated and must be con
sidered in relation to each other in terms of time and of relative
magnitude.
At San Manuel Mine it is quite evident that the surface pita
have been created by the removal of support at depth and a general
collapse of the igneous rocks and overlying conglomerate. What Is
not nearly as evident is the order of importance of the factors that
have influenced the formation of each pit. The initial action began
In the porphyry ores at the site and then was transmitted upward
57
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Into the conglomerate. Upon reaching the caprock there was the
added effect of a displaced mass of conglomerate, in turn acting
downward upon the underlying porphyry. In both the undisturbed
conglomerate and the porphyry there had been a balance of two
general stress fields; a vertical force represented by the weight
of the Igneous rocks and the conglomerate, and horizontal forces,
related to both the vertical force and to possible tectonic stresses.
The first result of the inbalance between these two stress fields
was initial sagging of the caprock followed by rupture of the
conglomerate in response to the removal of support from depth. Thl#,
In turn, caused conditions of localized loading and also spread
breakage within the body of quartz monzonite and granodiorite
prophyry lying below.

Behavior of the Igneous rocks

Residual stresses

Residual stresses within the mine workings are accumulated
as mining shifts loads from one area to another. Concentrations of
these stresses damage drifts In the mine from time to time and have
required a great deal of steel and concrete supporting material.
Rock bursts are not known, but slabbing of the back and slow closure

1.
In a general sense, the relationship between vertical
stress (Sv ) and horizontal stress (S^) is dependent upon the bulk
Poisson’s ratio for the conglomerate
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of drifts have been common in localized areas at varying times. The
U.S, Bureau of Mines, for several years, has used various types of
mechanical and electrical strain gages and has made regular
observations in an effort to detect and predict the build-up of
mining stresses. At this time (1966) significant interpretative
data have not been published. The presence or influence of tectonic
stresses have not been detected at the mine.

Block caving

The relatively weak state of the rock comprising the ore
body was instrumental in the decision to mine the deposit by block
caving methods. This inherent weakness of the ore has been discussed
in the section under physical characteristics of the rocks, but it
is well to remember that the weakness is due in part to the presence
of a geometrically arranged pattern of fractures that exhibits
eight distinct sets. Upon this pattern there is a superposition of
one major and one minor trend of faulting. In addition, there is
the important weakening effect of alteration, which has not only
furthered the structural degradation of the ore but has largely
offset any strength gained through mineralization of the ore and
partial cementation of fractures.
The process of block caving at San Manuel requires Initiating
of flow by the construction of finger raises into a previously
unmined area of the ore deposit. Subsequent undercutting and blasting
causes the fractured rock to flow through the finger raises and
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down to the haulage level of that particular portion of the mine.
An Important economic factor is the fact that the ore can be
crushed as it moves over several hundreds of feet before arriving
at the ore shoots.
For any given area of the mine,which is undergoing an
initial draw, it is believed that breakage in the porphyry progresses
upward toward the surface with little lateral deviation. Because the
ore is heterogeneous with respect to strength and the fracture
systems are not at all uniform, there may be considerable local
variation in the angle of break or draw and in the direction of
growth of the advancing break line in the porphyry. These changes
are caused by anomalous stress concentrations and the presence of
areas of varying rock strength.

Behavior of pillars

The presence of pillars in the block-caved area has an
unknown effect upon subsidence. Undercutting of adjacent blocks
will introduce concentrations of stress. The result of the stress
concentrations may be an uneven draw from the pillars. This may
possible offset the advancing line of breakage in its movement
upward. Griswold (1957, p.55) noted that the maximum subsidence
during early draw was directly over the undercut blocks in question.
If a concentration of stress is occasionally able to alter the path
of broken rock, this effect would undoubtable be masked by the
changes introduced by the conglomerate overlying the ore body.
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The effect of pillars upon the line of breakage would be
effective only on the margin of virgin ground. Pillars can be
expected to stand to unknown heights In the caved area, but this
will be directly related to the distances left between the drawn
blocks and virgin ground, and to localized geologic conditions.

Height of the column of porphyry and conglomerate

Griswold (1957, p.55) gave attention to the height of the
column of porphyry and conglomerate overlying a drawn area and Its
relation to the extent of subsidence at the surface. He came to
the conclusion that this factor had no appreciable effect. This Is
true today, and llthostatlc pressure Increasing with depth has
helped to overcome the strength of the rocks of the ore body. This
pressure has provided for a more direct and even breakage early in
the mining operation.

Angle of subsidence

The Inclination of the zone of upward breakage between
virgin and broken ground has been generally referred to In the past
as the angle of draw. Recently the term angle of subsidence has
been used to denote the Inclination of a line drawn between the
outer edge of the underground workings and the boundary escarpment
of the overlying subsidence pit (fig. 31). The latter term Is
more accurate at mine locations where there is a caprock. In this
way, one may speak of the angle of draw In terms of breakage

*
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occuring in the ore body and of the angle of subsidence in terms
of the overall effects of rock breakage between the caved blocks
and the ground surface. At San Manuel Mine, there is a definite
difference between the two angles due to the presence of the
caprock.
When the aerial extent of subsidence is compared with the
outline of the caved blocks at depth (fig. 5), there is a distinct
lack of symmetry between the two areas. The angle of subsidence is
nowhere constant for this particular mine.

Table 2
Variance of angle of subsidence
South Ore Body pit; 78*>83*
North Ore Body West pit; 78*-90*e
North Ore Body East pit; avg. 84*

Earliest theories of subsidence held that the failure sur
face between the underground workings and the surficial extent of
subsidence was curvilinear. It is more reasonable to think of the
breakage boundary as a series of parallel, planar surfaces, such
as those seen in the left portion of figure 31. These surfaces,
have been formed by shear, as a result of vertical loading imposed
by dislocated masses of conglomerate. This condition is brought
about by removal of uniform support for the mass of the caprock
after the beam or arch of overlying conglomerate has been destroyed
by the pipes of broken rock.

The individual fragments of

conglomerate lying broken within the pit exert the vertical
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loading. Griswold (1957) first advanced this theory for use at
San Manuel Mine and the process is illustrated and listed within
the sequence of events as point 4 of figure 31 and the summary
that follows the diagram.

Propagation of rock breakage along the pipes

Growth of the pipes is probably directly upward, without
appreciable widening of the diameter of each pipe. There is
probably a slowing of the process upon reaching the interface
between the granitic rocks and the overlying conglomerate at the
San Manuel fault plane. Direct transmission of stresses across the
interface should occur after the short period of time involved in
the initiation of failure In'the dipping beds of conglomerate.
After penetration to the surface by a pipe has been
completed, and large masses of conglomerate have been displaced
into the forming subsidence pit, localized breakage occurs in the
quartz monzonlte and granodiorite of the pipe walls. Pressure
distribution from the moving masses of broken conglomerate in the
pit causes concentration of enough vertical loading in the vicinity
of the pipe walls to cause renewed breakage from the upper levels
downward (point 5, fig. 31). In this case, through shear failure,
the process is reversed in direction and a lateral expansion of the
subsidence area is achieved. Griswold (1957) considered several
hypotheses of mechanics and acknowledged that this general type of
action was most probable during early stages of subsidence. With a
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greater Amount of Information available it is now possible to
confirm this original theory, with but minor modifications.

Behavior of the conglomerates

State of stress

Initially the state of stress in the conglomerate may be
closely approximated by a beam of heterogeneous and anisotropic
material spanning an unsupported gap. Arching is represented by a
condition of spanning without deflection (or sagging) of the beam.
The ultimate degree of arching short of failure is directly
dependent upon the structural defects located in the beam of
of caprbck. While the unit is intact and benefits from total support
at its interface with the underlying igneous rocks there is no
deflection and there are essentially two primary stresses in the
mass of the conglomerate. These are vertical applied stress from
the lithostatic pressure of the conglomerate and horizontal applied

U.

stress, in accord with the reletion
Sh"

1

Sy

Horizontal stress is relatively unimportant to deflection because
even in homogeneous, isotropic material it has been found to
constitute less than 10 percent of the total bending moment of a
simply supported beam or slab.
To an extent, stresses are accomodated within the mass by
readjustment along the many discontinuities that are present in the
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rock. However, whatever degree of arching (i.e. no appreciable
deflection) that is present is eventually destroyed by increasing
amounts of tensile failure and parting of bedding planes in the
caprock. Localized tensile failure also destroys the effective
clamping or holding of beams over given voids (pipes). Removal of
support leaves gravity.loaded slabs of rock partially unsupported
over these voids.
With failure in tension and the ensuing movement of blocks
of conglomerate into the subsidence pits, there is a removal of
lateral constraint at escarpments, and rock is free to spall from
the faces bordering the pit at the surface. Also, the broken
conglomerate and ore in the pipes does not present an effective
constraint on the unbroken ore that has yet to fail and cave into
the stopes (lower extensions of the pipes). In this way, the column
of broken rock in the pipes represents a type of free face into
which stress relief and the effects of concentrated tangential
stresses will gradually furnish rock. Ibis is an additional factor
in the gradual increase of the underground area.
The formation of a "dome" has been mentioned often in the
literature on subsidence. The process has been cited as one of a
convex surface of breakage facing upward in the mined area. A
modification of Crane's (1931) illustration of the process Is found
as figure 25. The condition apparently developes in mines that
have no caprock or in those which show a horizontal bedding in the
caprock. There is no indication that "doming" has been present at
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San Manual Mine. Due to the Irregular areas of draw and to the
formation of pipes, the conditions illustrated in figure 25 have
clearly never been fulfilled at San Manuel Mine.

Figure 25. Modification of Crane’s 1931
diagram showing successive stages of
development of an idealized subsidence
pit with initial "domes” formed over the
underground draw areas.

The factors limiting the development of doming are the
presence of discontinuities in the conglomerate and its tilted
bedding, together with localized areas of draw and varying rates of
draw. These factors have not allowed for keying or reinforcing of
the flanks of any developing arch. An additional feature is that
of the arrangement of the long axis of the pit so that it is
oriented perpendicular to the strike of dipping beds. This one
feature has created an ease of breakage of the overlying conglomerate
through the exposure of many edges of bedding in any given area of
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a pipe or coalescence of pipes. The potlentiality for breakage
of these partially unsupported edges will be greater than for a
horizontally-bedded caprock or a condition of massive igneous
rocks overlying the ore body. The case is analogous to one of a
slabbing back in a drift driven perpendicular to the strike of
dipping beds (fig, 26).

Figure 26. Diagrammatic sketch of the
effect of partially unsupported edges of
beds facing on the back of a drift or
tunnel.

Because the formation of a •’dome’1 is not probable at San
Manuel Mine, the undersurface of the caprock must be ragged prior
to complete breakthrough and caving into a subsidence pit. This
roughened state would be in response to localized breakage from
•toping (pipe formation) and other forms of localized failure.

Formation of pipes In the conglomerate

Pipes have been prevalent throughout the development of the
pits. As stated previously, pipes are stopes of broken rock that
eventually connect the draw levels of the mine with the ground
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surface• The location of these features has varied with destruction
of pipes through loss of activity and propagation of pipes in
response to localized draw (fig. 27). Pipes have affected the
condition of the conglomerate caprock at all times during subsidence
and have been the ultimate factor In causing the unit to fall.
Pipes also contribute non-minerallzed rock to the draw areas after
a considerable amount of ore has been taken from any one block.
The paths of upward growth of pipes have been known to
deflect slightly In their upward path of growth. They have appeared
as much as 100 feet laterally from the center of the drawn area
below (McLehaney, 1958, p.42). Deviations of this type and magnitude
are certainly to be expected due to the presence of faults and
eight systems of fractures In the 1000-2000 feet of rock through
which the pipe must travel. Slight alterations in path’will also
occur along these discontinuities occurlng only in the caprock,
whenever they coincide with the path of the pipes.
The modes of rock failure in the pipes are tension, brought
about by the vertical loading Imposed by overlying rocks, and
spalling or parting along bedding planes.

Rock failure

If failure occurs at any point within the conglomerate, it
is probably by tension. Failure by tension will occur preferentially
along discontinuities that previously existed in both the ore body
and the caprock. After sufficient downward movement of material

> I '
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has allowed the formation of free faces (escarpments), a gradual
undermining of the support of any face will lead to a failure of
the block of conglomerate behind the face. Failure will occur
along a critical plane that depends upon the height and strength
of the rock, or along any convenient plane of weakness that exists.
Failure by tension is the dominant form of rupture in the
formation of pipes. After breakthrough to the surface is complete,
shear will appear along pipe walls, A coalescence of pipes could
occur in the mined area. There is also some amount of spalling
through parting along bedding planes, McLehaney noted (1958, p.38)
that a misalignment of Shaft 2 occurred along a bedding plane in
the San Manuel formation. Shaft 2 was located in the area now
occupied by the southeast corner of the South Ore Body pit.

Faulting

At the stage of development of subsidence in 1965, the
positions of faults governed the exact locations of all of the
short dimension escarpments in the conglomerate. In fact, the north
east faces of both the South Ore Body pit and the North Ore Body
pit have formed along a series of parallel faults (figures 1 and 4)
Those faults causing the latter set of faces have been ascribed by
Enright (personal communication, 1964) to failure along a series of
en echelon faults. The faults are believed to correspond to the
Hangover fault zone that is found in the mine workings.
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Crane (1931, p.9) believed that faulting may modify the
angle of subsidence (angle of draw in Crane's terminology) at a
property. This Is apparent at San Manuel Mine. The strike and dip
of a fault will determine Its ability to alter the angle of
subsidence. A fault will have the greatest effect In this respect
when It lies perpendicular to the plane In which the angle of
subsidence Is measured. In this orientation, the pits at San
Manuel hardly extend beyond the boundaries of the caved blocks,
which occur approximately 2000 feet below the surface (fig. 5).
The boundaries have formed along faults.
But the angle of subsidence Is largest when measured In
a plane parallel to faulting at the mine. In this respect faulting
has helped to enlarge the angle of subsidence. The presence of
faults and fractures has weakened the rocks of the caprock so that
the conglomerate is more liable to break Into smaller fragments In
the areas paralleling the long dimensions of the pits than along
the short dimensions. The greater ease of breakage has permitted
the pits to grow faster In their long dimensions and, hence, has
enlarged the angle of subsidence in those directions.

Attitude and thickness of the conglomerate

Attitude and thickness of the conglomerate has a gross
influence on the character of subsidence. The orientation of the
mass of the San Manuel formation not only emphasizes the wedging
and thinning that occurs along the nappe of the thrust sheet.
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but enhances spalling of rock. As mentioned previously, the spall*
Ing occurs along bedding planes In the conglomerate and Is active
at the Interface between broken and stable rock over the entire
mined area. The fact that the tilted beds of conglomerate present
many unsupported edges overlying the caved rock enhances the
prospects for spalling, as In the drift analogy on page 67(fig» 26).
A relationship between thickness of the caprock and the
surficlal extent of subsidence was also noted by Griswold (1957,
p. 55), although he does not explain his reasoning. Figures 5 and
28 show the outlines of the caved areas and the thickness of the
caprock. If there is any relationship it is probably because of the
fact that excessive thickness of conglomerate occur in conjunction
with break lines in the porphyry and cause the breakage to occur
nearer the caved area. In the North Ore Body West pit, the same
asymmetry occurs; the northwest escarpment is located at a greater
distance than the opposing southeast escarpment. In a given
instance, the side of least thickness may be expected to break
further away from the center-line of the caved area. The location
is dependent upon local geologic features, and the secondary effect
of pressure exerted by the masses of broken conglomerate on the
underlying wall rocks that surround the caved areas. The stress
resulting from this loading causes breakage in direct proportion
to the thickness of caprock and overlying ore.

;

x

’.

Isopach Map of
Conglomerate Caprock
'**'
V
IG 2-8y . TV'
H IC K N E SS IN F E E T >

f

74

Ground movement

Records of vectoral movement of survey pins have been
especially helpful In determining the directions, magnitudes, and
Importance of the components of movement (fig. 32). Early pin
movement noted was almost entirely vertical during the time that
piping occurred. This reinforces the contention that initially
displaced conglomerate aided in the breakage of heretofore unbroken
granitic rocks. Then, in addition to formation of pipes, there
was a gentle settlement of the area through vertical movement. As
pipes resulted In the removal of appreciable amounts of rock from
the caprock, there was a necessary readjustment and rotational move
ment of conglomerate toward the centers of mining activity. At the
pit surface, some movement of broken conglomerate toward areas
over pillars was observed. This was In response to draw In adjacent
blocks. In some eases there has also been a reversal of vectoral
movement of survey pins. This is explained by a readjustment of
the conglomerate and broken ore below the surface In response to
localized heavy draw from newly activated blocks In the ore body.

Tension fractures

Tension fractures have always played an active part In
subsidence at San Manuel Mine. Griswold and McLehaney both made
reference to the fact that these fractures, on occasion have slowed
the advance of subsidence In a given area for periods of a year or
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more In duration. This ha# been especially evident along the
periphery of the two larger pits over the past two years. The
tension fractures have combined with faulting to provide the end
escarpments (fig. 1). The prllxlstlng fractures combine with faults
and bedding planes to relieve stress locally, and then, eventually,
open and yield the most easily attained planes of rupture in
response to the stresses acting against them.

Formation of escarpments

The conglomerate always tends to break along prSix!sting
planes of weakness. Where an escarpment forme parallel to the
outlines of the underground caved areas, failure comes in response
to concentrations of stress along the edges of the broken and
caved ground beneath the surface. As shown by figure 22, a time
period is required to stabilise the process and to allow the caving
to advance so that it acts along a front. The ultimate result is
a nearly straight line of breakage that forms the escarpments of
the long dimensions of the pits.
The escarpments also advance laterally because of mechanical
weathering and sloughing of fragments into the pits. This action
is aided by: 1) loss of constraint at the slope face and removal
of support at the toe of the escarpments, and 2) by mechanical
weathering and deslcation of the conglomerate forming the faces.
Pit escarpments always fail along nearly vertical faces in
the conglomerate.
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Asymmetry of the pits

There is a pronounced degree of asymmetry in the caved pits,
with respect to the location of boundary escarpments at the surface
and also with respect to the outline of the underground caved
areas (fig, 5), The effect of thickness of the caprock is probabl/
the most Important factor and has been discussed previously, A
second factor to consider is the presence of a direction of lesser
constraint in the lip of the San Manuel thrust plate. During the
earlier stages of the subsidence process some stresses were
probably shifted onto areas of greatest thickness. In this manner
a higher degree of vertical loading would have caused rupturing in
the mass of rock closer to the outline of the caved area under
ground (fig, 29).
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Figure 29. Sketch depicting anomalously
high loading in areas of the greatest
caprock thickness; Svj being greater than
Sv2 due to shift in stress creating a
condition of cantilevered loading.
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Summary off the subsidence process

A chronological summary can be developed for the subsidence
process at the San Manuel Mine, The steps are keyed to the two

hypefchetleai cross sections found in figure 31:
1,

Static loading begins with the removal
of ore and disturbance of the material
supporting the overlying caprock. Upward,
near-vertical caving occurs mainly
along stopes in the form of pipes.
Voids formed by the pipes occur directly
over the areas of draw with little or
no lateral deviation at the surface.
Pipes have always occured within the
boundaries of the caved area. These
features form in the granitic rocks
largely by tension, induced by llthostatic pressure, and in the conglomerate,
by both tension and by parting and spall
ing along bedding planes.
Spalling and uneven breakage of the
granitic rocks occurs at the free faces
bordering the pipes in response to
relief of residual and active stresses
in the immediate vicinity.

2,

A pipe is shown extending to the inter
face between granitic rocks and the
conglomerate at the plane of the San
Manuel fault. A small amount of lateral
breakage occurs, followed by readjustment
and continued vertical expansion of the
pipe into the conglomerate.

3,

As a pipe reaches the surface, downward
pressure begins as masses of conglomerate
begin to weaken and break or separate
along fractures and faults within the mass.
Breakage is the result of tangential
stresses surrounding the surface of the
pipe. Because altered rocks are weakest
under shear stress, the pipes are probably
enlarged laterally by this type of failure.
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4.

Tension fractures open along planes
of weakness In a downward direction
from the surface. Initially the
fractures do not transect the entire
thickness of the caprock. Tensile breaks
occuring in the sound ground have a
characteristic break of 85* to 90*as
measured from the horizontal. Tensile
stresses are predominant, and if
contemporaneous compressions! stresses
do exist, they would appear only at
the lower edge of the mass of intact
conglomerate. This condition is
analogous to the flexural stresses
developed through loading of a
cantilevered beam.

/t
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Figure 30. Occurrence of tensional (•)
and compressions! (♦) stresses.

5.

Displacement of independent masses of
conglomerate increases as a pit
develops at the surface. This forces
an increased area of breakage along
the walls of the pipes (stopes). There
is some breakage of rock along the
throats of the pipes due to stress
relief at the free face of the pipe
boundary.
Increased widening and coalescence of
pipes occurs with contemporaneous
weakening of the caprock. The pipes
are probably eventually filled in thier
upper reaches by conglomerate. There
will be some filling in at lower levels
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by lateral movement of broken porphyry*
An uneven blanket of broken conglomerate
Is formed over the entire caved area.
6.

A lateral component of movement is
Introduced. This Is produced by the
shifting of broken conglomerate toward
the center of the pit as sufficient
amounts of reek are removed through the
pipes. Conglomerate is crushed on its
way to the pipes, and the material Is
further reduced in alee by the action of
weathering. Continued breakage of the
caprock Into unsupported and unattatched
masses results In further rupture of
prophyry at depth, through shear.
Boundaries of the pits expand in this
manner.

7.

Faults occsslonally limit the lateral
growth of the pits by releasing large
masses of caprock. Eventually, Incipient
tension fractures develop into escarp
ments as failure occurs along the faces
of existing escarpments.
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Angle of Subsidence
X | Ore in place
Caved Ore
Stabl e Caprock
Broken Caprock
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Mechanics of Subsidence

MASS WASTAGE

.-Introduction

As soon as subsidence has developed sufficiently to allow
vertical movement of broken rock at the surface, there is an
introduction of downs!ope movement of a smaller magnitude. With
varying physical parameters present in the pit aress, distinct
types of movement appear in time and are easily recognized on
serial photographs. A pattern of well defined lateral margins and
distinctive texture and modes of movement are:apparent. These
characteristics depend upon geologic structure, relative location
of the rock within the pit, and the stage of development of the
pit. there is a continual modification of the surface of each unit
through downslope movement over a period of time. All units of
mass wastage represent types of landslide movement.
The essential factor involved in mass wastage is the with
draw! of ore in the mine that has resulted in the formation of a
center-line along the lowest level of each subsidence pit. The pit
bottom also coincides with the center-line of each of the drawn
areas of the ore bodies. Because appreciable amounts of material
at the surface are fed into the subsurface through the ever-present
pipes, there is a constant

removal of material from the lower

levels of the pits. Transport of rock away from the toe areas of
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masses of broken conglomerate permits the downslope movement of
detatched blocks of conglomerate. Rates of movement vary, depending
upon the degree of slope over which the transport occurs.
Stimuli for movement changes slightly with time, and In
response to the changing areas of draw In the underground workings.
Because rock breakage continues during downslope travel, there Is
a change In the physical character of Bach unit of movement. This
causes the development of different types of mass wastage during
the transport from one point to another. There are now eight distinct
types of mass wastage present In the South Ore Body pit (fig. 24).
The greatest difference between mass wastage In the
subsidence area and that assBVftmted with the classical type of
landslide movement is lack of a well defined failure surface.
Because block caving has displaced the supporting material from
beneath the subsiding ground, there is only a continuation of the
fractured and broken ground beneath the sliding mass. It is not
known whether a circular plane of failure exists under conditions
of Individual movement of wedges of broken rock sliding on localised
failure surfaces. There is very little shear strength in the broken
mass, due to its unconsolidated, coheslonlesa nature as a unit.
I

Shear strength is increased slightly by frictional resistance of
partlcle-to-partlcle contact within the moving mass. Shearing
stresses are responsible for movement and are transitory in response
to mining activities below. Although the driving moment of a mass
of conglomerate is gravitational in nature, and depends upon the
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weight of the mass, the undersurface of broken conglomerate mass
la uneven. This unevenese results In a great deal of variance in
driving moment over any portion of the pit surface.
There is a definite evolution from one type of mass wastage
to another as rotational and translational movement continues
downslope. Continued sloughing of rock from the escarpments of the
enlarging pita furnish a continuing supply of rock at the unstable
heads of the masses. Rain probably affects the process of wastage
by aiding in limited amounts of consolidation of finer particles,
flowage with increased weight caused by saturation at the surface
and increased pore water prdsaure, and surficlal transport of
fine particles by runoff.

Classification of types of mass wastage

The types of mass wastage that surround the centers of the
subsidence pits are five in number. These are transformed into
three additional types of movement in the lower areas of the pits.
The three latter types of movement are made up of finer particles
and are labeled debris slide, creep, and pipes. These three types
are noticeable in the finer textured portions of the aerial
photographs (fig. 3). Debris slide and creep are found only in
the South Ore Body pit because there was insufficient time to
allow their development in the two remaining pits.
An additional reason for the lack of development of debris
slide and creep units In the North Ore Body West pit is that the
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dimensions of the pit are more space restrictive than are the
other pits.
The classification presented here conforms as closely as
possible in terminology with that presented in the Classification
of Landslides in Engineering Practice, developed by the Highway
Research Board of the National Academy of Science (1958).

Figure 33
Evolution of the mass wastage unite

Occuring in the
initial stages
of subsidence:

PIPES—
EN MASSE

Intermediate stages,
with increased
lateral movement:

Advanced stages
of development
(1965):

DEBRIS SLIDE

PIPES—

PIPES

En masse movement

A pronounced, but gentle settlement occurred early in the
history of subsidence at the property (fig. 23). En masse
subsidence consists of initial vertical settlement of the area
resulting in the lowering of large masses of conglomerate. Interior
breaks formed in tension along discontinuities and parallel to
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Relative Movement of Mass Wastage
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SLUMP
Fig.34 Length - azimuth diagrams
showing horizontal trace of movement
of steel pins set in South Ore Body Pit
Compiled from data in Fig.32. For the
period August l(^57 to October 1961.

CREEP
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areas of maximum vertical subsidence. Separation along the breaks
was minor and lateral restraint was present to such a degree that
It limited rotational and translational movement. As the process
continued, there was continued breakage of the mass Into relatively
large blocks with but minimal separation Into smaller units.
Figures 3 and 6 Illustrate the general character of en masse
subsidence.
En masse units develop Initially In all areas of the pits
and are not dependent upon the thickness or character of the
conglomerate caprock. In those areas now supporting en masse units,
the thickness of the caprock ranges from less than 90 feet to well
over 800 feet (fig. 28).
In 1965, the South Ore Body pit was the sole center of
activity, and the ground surface affected by en masse wastage was
located at those portions of the pit boundary that was furnishing
newly broken material to the expanding pit.
As the subsidence process develops, and continued
vertical movement and Increased lateral movement occurs, there Is
a transformation of en masse wastage Into various other types of
movement. The en masse units have also shown the smallest amount
of lateral movement in the pin survey conducted by the Bureau of
Mines (fig, 34). Therefore, en masse subsidence Is the parent unit
for all other types of mass wastage, with the exception of pipes.
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Slump

Increased lateral movement in the pits is brought about by
relief of lateral restraint on the blocks of conglomerate in the
pits, En masse units deform by breaking into smaller independent
blocks and there is a general shifting and readjustment of the
unstable mass to allow some rotational movement (figures 2 and 36),
Blocks of conglomerate then rotate slowly, over a period of time,
both backward and forward. At times, the blocks tumble very short
distances downslope, but movement is generally slow until an
appreciable change in slope is achieved. Continued transport and
weathering erodes the blocks until they are no longer appear in
these areas. Blocks moving into the pit bottom remain there for
only short periods of time as implied by their absence in those
areas (fig. 3).
Slump blocks are also derived directly from the escarpments,
where faulting and fracturing break blocks into units measuring
three to ten feet in diameter (at surface exposure) (fig. 35).
The mass of slump blocks in the South Ore Body pit is
jumbled to such an extent that there appears to be a lack of
uniform rate of movement. The areas of creep and debris slide have
made Inroads into the portions of the pit surface covered by
other wastage types (figures 1 and 3). Breakage of the conglomerate
into slump blocks at existing faults is noticeable along the north
western escarpment of the South Ore Body pit (figures 3 and 35),

89

where fault location controls the size of the blocks. There la no
apparent relationship between physical appearance of the slump
area and the thickness of the conglomerate present at any given
location.
Slumping predominates at the surface in the North Ore Body
West pit due to the fact that the pit is now inactive and
gravitational movement of slump blocks downslope, together with
their slow disintegration, has covered any traces of pipe areas
that existed there during periods of draw. Slumping in the North
Ore Body East pit is incipient and the inactivation of that area
of the mine also curtailed development of wider areas of slumping
from the surrounding ring of en masse subsidence.
Slumping is perhaps most typical of all movement in the pits
as it is intermediate in the translational history of the con
glomerate. It is furnished directly from en masse subsidence areas
and from the pit escarpments. In turn, the slump blocks furnish
material for further transport by debris slide, creep, and removal
through pipes. Slunping provides the most striking of the units
observed in the field, with its chaotic mass of rotating and
disintegrating blocks of conglomerate.

Terracottas

Terracettes are a derivative of en masse subsidence and
fora terraces of broken conglomerate in the subsidence pits.
The same general surface form also occurs in the exposed quartz
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raonzonlte of the North Ore Body Best pit, where the unit Is
bordered by two major faults and occupies a tongue of well
fractured rock (fig. 37).
In the South Ore Body pit, terrecettes follow the outlines
of former peripheral tension fractures that were formed early In
subsidence (fig. 3), Fragmentation of the conglomerate Is greater
In this unit than in the corresponding slump blocks. The finer
resulting material is carried in waves of Irregular step-like
character toward the edge of the debris slide unit, and thence Into
the pipes below (fig. 1). The unit is bordered on the north side
by the former trace of the San Manuel fault.
Terrecettes occurring in the pit are the result of freedom
of lateral movement imposed upon previously parted blocks of rock.
They do not occur over drawn blocks.

Aockfall

Also included in those units furnishing primary material
for movement to lower elevations of the pit is that of the rockfall
found in the South Ore Body pit. How long a period this rapid form
of movement has been present is not known, but the sloughing comes
directly from the steep southwestern face of the pit. Rockfall is
not believed to have acted over the entire area color-keyed es
rockfall on figure 1. Original pin movement (fig. 32) in the area
indicates that there was some degree of slumping present in the
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area now occupied by the rockfall talus, and that rockfell
occurred after escarpments had formed along fault planes.
Fragments that slough from the free face of the escarpments
are generally small In size and move rapidly dotmslope for up to
650 feet. Travel beyond. Into the creep area. Is slower. By the
time some of the particles have reached the creep zone, they have
been reduced to cobble or boulder size, although some larger
blocks still remain at the edge of the rockfall unit.

Rooksllde

A single exposed bedding plane In the extreme southeast
corner of the South Ore Body pit la the only current site of
rocksllde. Fragments of conglomerate slide down a dip aWpe,
moving directly Into the opposing slump area (fig. 41). The number
of Instances of this type of movement that have occurred In the
pit Is not known, but It Is probable that rocksllde has been
active In several areas along the long southeast escarpment of
the pit. Many bedding planes are evident In the escarpment there.

Creep

The largest area of movement entailing sand.sized particles
of conglomerate Is that of creep. This unit also shows the most
profound relief changes In the units of mass wastage. The slightly
hummocky surface Is covered with grass and fragments of conglomerate
that move downslope slowly. The movement Is along the surface and
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at the toe, where material is fed to the pipe areas at the pit
bottom (figures 1 and 38). Finer materials are also carried
directly to the pit bottom by runoff acting in drainage rivulets.
It is quite likely that this type of movement will cover
larger areas of the pit as mining is continued. Creep has already
touched the escarpment of the South Ore Body pit in one location
and the lateral margins are spreading into adjoining units as
large blocks of conglomerate disintegrate.

Debris slide

The character of debris slide movement la quite analogous to
creep In its appearance and the unit is also found only in the South
Ore Body pit. Movement here is rapid, however, over steeper slopes
than that of creep. Particles sometimes travel continuously the
entire slope of the pit from top to bottom (fig. 1) Because move
ment here is constant and rapid over the entire slide area, grass
does not grow on its surface. There is a sharp contact between
debris slide areas and areas in which other types of movement
occur. Debris slides often undermine adjacent areas and result in
their erosion. The slide touches the east escarpment of the pit,
where it has exposed a body of quartz monzonite (fig. 40).
Individual detrltal cones also have formed along the upper
edge of the slide area where slump blocks have been disintegrating
(fig. 40).
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£lB®i
Pipes constitute the ubiquitous type of movement that
takes place at the onset of subsidence and which occurs through
out its development. Pipes are centered directly over the active
blocks in the mine. Eight of these features were active in the
South Ore Body in 1965 and they have been prevalent In thex other
two pits on the property. It is important to restate the fact that
all movement in the pits tends to be channeled toward the pipe
areas. At one piece or another, all types of mass wastage
furnish material to pipes for transport to sub-levels of the
mine (fig, 39).

f

Figure 35

The northeast escarpment of the South
Ore Body pit looking toward bench mark
3097 as shown on the January 1964 growth
line of figure 22. Prominent escarpments
such as this were used as the basis for
plotting the pit boundaries on the growth
charts.

Figure 36

The well developed southeast escarpment
of the South Ore Body pit is marked by
a shadow. The escarpment has furnished
extremely large slump blocks of broken
conglomerate to the pit bottom. The
blocks are tilting downslope toward the
pit bottom in this view.
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Fig. 35
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Figure 37

Terrecettes formed in quartz monzonite
exposed in the North Ore Body Bast pit.
View is to the southeast showing the
larger of two pipe areas. The monzonite
is bounded on the right and left by
faults (shown by dashed lines).

Figure 38

Grass covered slopes of Che creep
unit are Shown in the foreground
as it extends into the lower portion
of the South Ore Body pit. Material
further disintegrates in this unit
while undergoing movement and the
effect of runoff is evidenced by
drainage rivulets eroded into the
surface of the slope.
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Fig. 38

Figure 39

Conditions at the lowest point of the
South Ore Body pit. (elevation 2610)
All movement has been toward the pipe
occupying the low point. By the time
material has reached this level of
the pit most of it has disintegrated.
However, slump blocks move close to
the edge of the slope where they
occasionally tumble to the bottom.
Symbols Identical to those of figure
40.
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Fig. 39

Figure 40

Units of mass wastage shown In the
northeastern portion of the South
Ore Body pit* Symbols depict the
type of wastage Involved:
c * creep; composed of small fragments and pulverized
material
d -debris slide; made up of
material spalling directly
from the escarpments and of
small particles and fragments
weathering from the surrounding
masses. Note the fine detrital
cones developing under the
slump blocks
e - en masse; large unit of
conglomerate separated from the
southeast escarpment by a wide
and deep tension fracture.
Slump blocks are furnished
directly from this unit,
s - slump blocks; showing rotational
effect and angularity coming from
breaks along discontinuities
t - terrecettes

Figure 41

Summary photograph of the field relation
ships of seven of the eight units of mass
wastage at the San Manuel Mine. Upper
center of the view is the extreme south
corner of the South Ore Body pit. Additional
symbols as follows:
rf - rockfall
rs - rockslide

,
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Fig. 4 0

Fig. 41

PREDICTION AMD ECONOMIC IMPORTANCE OP SUBSIDENCE

The economics of the copper Industry has become increasingly
complex with the Increased importation of lower-priced foreign
metals end with the use of lower-cost substitutes. At the same
time copper deposits in the Southwestern United States have become
ever-decreasing in tenor. Rising taxes and labor costs have intens
ified the general economic state surrounding copper.
Mining of sub-percent copper ore is now an accepted fact
and to make each operations possible, progressive mine operators
must respond with the cheapest and most complete extraction of
these low-grade deposits as possible. In the consideration of the
numerous peripheral factors is the total tonnage produced at a
mine each day and the distance over which it must be transported
from the workings.
Because the character of the ore body will dictate the
method and location of workings, there exist be a great deal ef
consideration given te the layout of the ore transportation net
work within the mine. In this consideration the effects of sub
sidence are not to be taken lightly. If surface installations are
located too close to a probable subsidence area, damage to surface
installations may necessitate an expensive outlay in time and funds
to remedy the condition and relocate the systWk At the same time,
if ore hoisting shafts ere placed at too great a distance from the
99
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center of the mining activity the profit margin will suffer through
a restricted transport capability within the mine that may well
limit the maximum productivity without more expensive alterations
and additions to the underground workings.
The San Manuel operation is keyed to the removal of immense
quantities of ore, commonly in excess of 33,000 tons per day
delivered at the primary crusher. The crusher is located on a rail
siding nearly one mile to the south of the center of the South Ore
Body pit.
At the present time and for the foreseeable future of
mining activities, the two ore hoisting shafts and the crusher are
not in danger of undergoing subsidence damage. This is primarily
the result of centering this activity parallel to the long axis
of the caved areas and with many of the subparallel faults occurring
between it and the advancing subsidence pits.
In view of all possible factors that may reduce profits,
it may be well to inveatlgate what oatt be done at a new location
to adequately predict the surficial character of any expected
subsidence. A detailed log should be kept of the caprock penetrated
by the exploratory drilling that will be necessary to delimit the
ore body. In addition. If the surface of the property is weathered
to the extent found at San Manuel, with very little surface exposure
of the all-important faulting, it may well alee to dig shallow
exploratory trenches with ditch digging equipment and explosives
in order to define the extent of the fault and fracture systems.

L
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Aside from these two efforts, all of the Information necessary to
assess the probable behavior of the surfIclal effects of draw will
be available from the detailed informetion obtained through the
exploratory and initial development phases.
It should be possible to adequately predict subsidence
effects through judicious comparison with available subsidence
reports from other locals. Three areas of information can be gainedt

1) stifficial extent of subsidence
2) placement of surface installations
3) behavior of dilution of ore with
non-mlnera1lsed caprock

Relatively expensive efforts such as the project to record
movement in subsidence pits need not be undertaken. The U.S. Army
has recently shown (Klimavics, 1963) that accurate photogrammetrlc
measurements may be made of subsidence of as little as six Inches
by utilizing normal cloth or metal ground marking panels and
conventional aerial cameras of 12-inch focal length. This test
further showed that gridded patterns of ground markings are not
necessary and that a radial pattern of panels can be used effectively
if the center of the subsidence area is known or can be closely
predicted. Utilising this type of aerial survey, the cost of
producing up-to-date and accurate subsidence records is reduced to
little more than that of the normal cost of the stereo-compiled base
maps of the area. Competitive practices and technological advances
in the aerial mapping industry have reduced the costs of such
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mapping to very reasonable rates, especially If the mining firm
is willing to cooperate with the contractor on the time of flight.
This will permit the use of combined missions and will reduce
operating costs of the aircraft and flight personnel.
Thus, if the proper emphasis is placed on appropriate
investigations at the onset of development of the property, the
costs of maintaining a record of subsidence are surprisingly small.
Studies of subsidence should be of importance to the Industry
because they will lead to a state of knowledge that will permit
adequate predictions in a routine manner.

APPENDIX A

GEOLOGIC HISTORY

A survey of MlIson*■ report on the structural development
of the nine area (1957) and the stratigraphical Investigations by
Heindl (1963) give a combined sequence of events for the Mammoth
area of Pinal County, Arizona:

Precawbrian ---------------

Emplacement of the quartz monsonite
(Oracle granite of Peterson)

Cretaceous ----------------

Intrusion of the granodlorite porphyry
(major ore body) with fracturing of
the quartz monzonlte
Regional compression of two stages
developing further fracturing in the
quartz monzonlte and granodlorite
porphyry
Primary (hypogene) sulfide mineral
ization followed by erosion, oxidation,
and secondary (supergene) enrichment.
Entry of solutions postulated to be
through the previously formed fracture
system.

Lste Cretaceous
to early Tertiaty ----—

—

Deposition of the Cloudburst formation
in the surflcial irregularities of the
igneous rocks. Heindl (1963) believed
that deposition was contemporaneous
with extrusion of andesitic and basaltic
flows in the mine area.
With a decrease in erosion, a deposition
of coarse fanglomerate beds and
Intrusion of randomly oriented dike-like
masses of rhyolite, latite, and andesite
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Late Cretaceous
to early Tertiary (cent.)— -—

Middle Tertiary

............

(Poet-Cloudburst time) The first
probable movement along the San
Manuel fault with regional folding
and (sectoring occuring contempor aneously.
period of erosion with volcanic
recks extruded on the upper surface
of the Cloudburst formation,near
the present mine site
a

Deposition of the San Manuel for*
motion on a "surface ef complex
relief and deposition... locally
against the frontal facee of
exposed beds and elsewhere on their
dip slopes." Beindl (1963, p.B-32)
Renewal of compressional stresses
against the incipient Sen Manuel
fault resulting In development of
its current low-angle thrust nature.
Both authors agree that the fault
probably formed in previously
fractured and faulted senes in the
Cloudburst formation. Wilson notes
folding and tilting of beds of the
San Manuel formation about one-half
mile from the subsidence area.
Relaxation of regional compression,
followed by normal faulting of
N 20-30* W strike.
Plio-Pleistocene .............

Tilting of the Gila group
Deposition of the Qulburis fornation. Movement along the San
Manuel fault and formation of the
Choila fault.
Renewed activity along the San
Manuel fault together with formation
of all other faults

Middle Pleistocene

Bapoa&tlon of Sacston formation
(alluvial and fluvial)

APPENDIX B

SUBSIDENCE PIT MEASUREMENTS

SOUTH ORE BODY PIT
Date
7/24/56
11/00/57
5/00/58
7/00/59
10/00/59
3/01/61
10/00/61
4/30/62
6/30/62
12/30/62
6/30/63
1/01/64
7/16/64

Inches at l” • 200*

Feet at 111

16.5
25.2
25.7
26.4
31.2
37.6
37.8
40.1
41.6
41.7
42.6
42.9
44.7

3300
5040
5140
5280
6240
7520
7560
8020
8320
8340
8520
8580
8940

3.4
6.9
12.0
12.0

680
1380
2400
2400

9.6
10.5
10.6
11.1
12.9
13.4
17.4
18.6
20.1
20.8

1920
2100
2120
2220
2580
2680
3480
3720
4020
4160

NORTH ORE BODY EAST PIT
12/30/62
6/30/63
1/01/64
7/16/64
NORTH ORE BODY WEST PIT
5/12/61
9/25/61
11/12/61
1/01/62
4/30/62
6/30/62
12/30/62
6/30/63
1/01/64
7/16/64

Measured from interpolated peripheral traces plotted from data
furnished by Magma Copper Company,
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Figure 42

A lev altitude, lew oblique aerial view
of the South Ore Body pit viewed to the
aeuthwest. The pulverized and fine-grained
material along the pronounced bottom-line
of the pit denotes the activity associated
with this portion of the pit. February
1966. (Courtesy of Dr. G.P.Kulper, Lunar
and Planetary Laboratories, University of
Arizona; as are fugures 43 and 44).

Figure 43

Later afternoon view of the South' Ore Body
pit as seen from the northwest.

Figure 44

The three subsidence pits and mine head
quarters viewed from the north showing
the overall orientation of the pits and
installations and the vottety of mass
wastage units within the South Ore Body
pit.
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