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A STUDY OF SUBSIDENCE DUE TO MINING BY BLOCK CAVING,

SAN MANUEL MINE, PINAL COUNTY, ARIZONA

INTRODUCTION 

Statement of the Problem

This problem has been undertaken to study subsidence due to mining 
by block caving at the San Manuel Mine. The work has been done under a 

cooperative fellowship agreement with the United States Bureau of Mines. 

Factors relative to subsidence caused by caving operations have been de

termined and an evaluation of the combined effects of these factors has 

been made in order to predict the rate and extent of subsidence where min
ing by block caving is planned or in progress.

Location of the Mine

The San Manuel Mine is located in section 35, T. 8 S., R. 16 E., in 

Pinal County, Arizona. The property may be reached by travelling north 

from Tucson, Arizona, 23 miles on U. S. Highway 80 to Oracle Junction, 

then northeast for 25 miles on State Highways 77 and 77 Alternate to the 
mine site.

The main offices, mill, and smelter of the San Manuel Copper Corpor
ation are situated near the San Manuel town site, approximately 8 miles 
south of the mine. They may be reached from the mine via a hard-surfaced 
highway (State Highway 77 Alternate) or by a standard gauge railroad which 
is used also as a means of transporting ore and supplies (Figure l).

The climate of the region is semi-arid with temperatures ranging 
from 100 degrees or more during the summer months to a minimum of
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3
10 ie 20 degrees in the winter months. The topography is moderately 

rolling and the average elevation is about 3000 feet above sea level.i
Rainfall is sparse, as evidenced by the vegetation of various cactii : 

and greasewood that is typical of the arid and■semi-arid areas of the 

southwestern United States. ,
History of Property "

The history of San Manuel can be considered to have started in 
the late 1880*a with the locating and working of the St. Anthony claims 
which are found just north of the present San Manuel area. Because of 

the presence of copper-stained rocks in this region and the oxidized 
coloration of Red Hill, which lies just south of the old St. Anthony : 

claims, many of the test pits dug in the general area were probably ex
cavated at the same time. Some of the oldest claims were located about 

1906, but they were abandoned because too little work was done and they 

were allowed to lapse. Further progress was reported about 1917 when 
some churn drilling was done in the area; however, there are no avail
able data of the results of this drilling.

The original San Manuel group of claims, which consisted of five 
lode claims, were located in 1925 by Anselmo Laguna. Between 1926 and 
1939, James M. Douglas bought two-thirds'of this interest, and, in 1939, 
Douglas and Burns Giffin bought the remaining one-third. In 1940, they 
deeded a one-fourth interest to Victor Erickson, and in 1942, a one- 
fourth interest was granted to Henry W. Nichols.

Nichols first brought the copper deposit to the attention of the 
Federal Government by an application to the Reconstruction Finance Corp- 
©ration for a development loan in 1942. His report and samplings indi
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cated that the deposit might prove to be of major economic importance.

The United States Geological Survey mapped and sampled the outcrops. Its 

results confirmed Nichol's report and drilling, and proposals to determine 

characteristics in depth were recommended to the United States Bureau of 

Mines. In March 1943, the property was re-examined, this time by T. L. 

Chapman and W. D. Hushes of the United States Bureau of Mines. They sup

ported the recommendation that the property be drilled and such a venture 

was begun in November, 1943. The initial drilling (1480!feet) indicated 

ore below 350 feet in depth. Further drilling was started in 1944 by the 
United States Bureau of Mines and was continued until February 1945, at 

which time 17,000 feet of drilling had been completed. On August 31, 1944, 

the Magma Copper Company gained control of the property, and in December 
1944, it began a supplementary drilling program?".

The San Manuel Copper Corporation was incorporated in August 1945, 
and all of the property previously acquired in the region by the Magma 
Copper Company was deeded to the San Manuel Copper Corporation.

As a result of the drilling done by the United States Bureau of 
Mines and the Magma Copper Company, an ore body 3100 feet long, varying
from 400 to 800 feet wide, and between 500 to 900 feet thick was proved 

2by 1948 . This discovery was of such consequence that the San Manuel 
Copper Corporation planned immediate development and undertook the sinking 
of the number 1 shaft and the number 2 shaft. Concurrent metallurgical

1, Schwartz, G. M., Geology of the San Manuel Copper Deposit, Arizona, 
United States Geological Survey, Professional Paper 256, 1953, p. 42.

2. Chapman, T. L., San Manuel Copper Deposit, Pinal County, Arizona, 
United States Bureau of Mines Report of Investigations 4108, August 1947,
P» 5.
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testing proved the ore to be readily amenable to standard methods of con

centration, and company engineers began drafting plans for a complete

plant, including the development and mining of the ore body, as well as
3the erection of reduction and concentration plants .

Additional diamond and churn drilling during 1951 further increased 

the proved ore reserves to a total of 479,500,000 tons. The ore averaged 
0,77 per cent copper and consisted of 367,624,000 tons of 0.785 per cent 

sulfide ore and 111,876,000 tons of 0.717 per cent oxidized ore. These 

results were obtained by a total of 205,536 feet of exploratory drilling.

On July 10, 1952, the Reconstruction Finance Corporation author

ized a loan of $94,000,000 to the San Manuel Copper Corporation for plant 

construction and mine development. Building of the surface plant, concen

trator and smelter started in early 1953. By September 1955, the concen

trator was completed and trial runs were started on both stockpiled ore 
and mine ore being yielded by development work. The plant was essentially 
completed by the end of 1955, and smelting of the concentrates began on 
January 8, 1956. Undercutting of the first stope was completed on January 
23, 1956, and the mine began production*.

Acknowledgements

Field studies of subsidence consisting of mapping subsidence cracks 
and surface movement with plane table, Brunton and tape, and transit and 

theodolite surveys were conducted at the San Manuel mine from June 1957

3. 1950 Minerals Yearbook, United States Department of the Interior, 
Bureau of Mines, p. 1408.

4. San Manuel Copper Corporation, Dedication Brochure, San Manuel, 
Arizona, 1956.
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Review of Previous Literature
In any mining operation, a gravity disturbance of the equilibrium 

of the rock adjacent to the excavation may or may not be evident as 

ground movement. When such movement occurs and is revealed by the settle
ment of the surface above or adjacent to the workings it is known as sub
sidence. The possible damage or benefit which may ensue from subsidence, 

as well as the factors involving adjustments of rock masses through gravi
tational forces, have received widespread study to determine the controls 
and the limits of such phenomena. Mining operations causing subsidence 
are those in which either the mined area, the area above the deposit, or 
both, are allowed cr caused to cave and settle. Caving action is induced 
by the removal of the support beneath a designated block of ground. As
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the block tends to regain equilibrium, the caving is reflected either as 

an en-masse or unit settling, or as a spalling process in the roof of the 

chamber that is developed as the underlying rocks move downward. When the 

support is removed from below and the block settles or spalls, the force 

of gravity on the remaining overlying mass becomes greater than the tensile 

strength of the rock and the overlying surface is caused to rupture'*. The 
initial area of surface settling may or may not be greater than the area 

being mined; however, the subsidence area increases as mining continues.

Inasmuch as most operations vary in depth,a common factor in a study 

of subsidence is the determination of the "angle of draw" (Figure 2).

This is the vertical angle formed by the intersection of a horizontal line
extended from the lower limit of mining and a line connecting the lateral

■ . .

limit of mining to the furthest point of evident settlement of the ground 

surface. The author wishes to make it clear that the angle of draw chosen 
here is used by many writers; however, the complement of this angle is 
used also. It should be noted also that the angle of breakage of the 
material is not necessarily coincident with the angle of draw.

The first studies of subsidence in this country were in the anthra
cite coal-bearing areas of Pennsylvania and were undertaken by indi
vidual mining companies. When the United States Bureau of Mines was

formed, one of its earliest projects was to begin comprehensive analyses 
6of subsidence . The Pennsylvania region apparently was selected because

5. Allen, C. W., Subsidence Resulting from the Athens System of 
Mining at Negaunee, Michigan, Transactions of the American Institute of 
Mining and Metallurgical Engineers, Volume 109, 1934, p. 200.

6. Herbert, C. A. and Rutledge, J. J., Subsidence Due to Coal Mining 
in Illinois, United States Bureau of Mines Bulletin 238, 1927, p. vi.
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subsidence had become advanced in many cases and often had resulted in

" - ■ ■ ( ■. • - "  "  • "  ■ - .....................

damage to surface installations, highways, railroads and homes.

.The next studies of subsidence were in the,Illinois coal fields.. 

The beds of these fields were of a regular and flat-lying nature, and 

mining was of such scope as to have contributed to a marked settlement of

the ground over some areas. In the Illinois region, it was found that 

surface damage was generally minor; however, in some cases there was ex

tensive damage. The interpretations of subsidence in the Illinois fields 

were based largely on analysis of controls that might be employed to 

lessen the damage to surface installations . The findings of these ex
aminations noted that in some cases the effects of subsidence could be 

minimized by controlling the mining in such a way that a uniform settle
ment of the surface could be obtained with little or no damage to surface

gstructures .

Studies of subsidence were begun in the late 1800's at the mining
operations that exploited large, massive ore bodies by caving methods. In
the United States, the first recorded case of block caving was in 1895 at

9the Pewabic Mine on the Menominee Range in Michigan . Earlier, Charles

Henroten reported this method in use in Kimberly, South Africa***. The' - • " -

7. Herbert, C. A. and Rutledge, J. J., ibid.. p. 59.
8. Peele, Robert, Mining Engineers Handbook, Third Edition, 1952, 

p. 10-519.
9. Ducky, P. B., Mining by Block Caving, Published by the Hercules 

Powder Company, p. 5.
10. Jennings, Sydney J., Discussion of Underground Mining Systems, 

Transactions of the American Institute of Mining and Metallurgical Engineers, 
Volume 52, 1916, p. 422.
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exploitation of copper ore bodies by block caving was first used in 1906 

in Bingham, Utah, by the Ohio Copper Company at the Ohio Copper mine. In 

1911, the Inspiration Copper Company applied this method in Arizona, Short

ly thereafter, a combination shrinkage and caving system was used at the 

Bay mine, Ray, Arizona, Caving methods were next adopted by the Miami 
Copper Company, Miami, Arizona, and by the Nevada Consolidated Copper Com

pany at the Ruth, Nevada, deposit. In 1922, the Phelps Dodge Corporation 

developed a caving system at Morenci, Arizona, and, in 1925, they began
picaving operations in the Copper queen Branch at Bisbee, Arizona ,

From the many examples of block caving, few reports concerning sub

sidence have been published. However, studies of the Inspiration deposit 

noted that piping occurred along almost vertical planes above the draw

points. This was assumed to be caused by both a soft ore that caved readi-
12ly and the wide spacing of draw points ,

At the Copper Mountain mine, British Columbia, the surface fractured 
so as to form craters above each shrinkage stope. Subsidence was limited 
laterally by planes of weakness: a major dike and a major fault. The ex

tent of subsidence was not determined or predicted because mining had not 
been completed and•it was not certain that all major fault and fracture

11. Jackson, C. F.-and Gardner, E. D., Discussion of Different Stup
ing Methods with Examples of Practice, United States Bureau of Mines Bulle
tin 390, 1934, p. 222.

12. Stoddard, A. C., Mining Practice and Methods at Inspiration Con
solidated Copper Company, Inspiration, Arizona, United States Bureau of 
Mines Information Circular 6169, September, 1929, p, 12.
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planes had been located .

A study of the Bisbee deposit by Kantner^ noted the following:

(l) boundary fault zones tended to limit the outward extension of subsi

dence , (2) the direction of settlement was along pre-mining lines of 
weakness such as bedding planes and fault planes, and (3) subsidence 
closely conformed to areas of oxidation slumping.

One block caving operation that maintained a close control of sub

sidence was that at the King mine in Quebec. Surface disturbance either 

had to be prevented or controlled because of property boundaries, an ad

jacent railway, and the expense involved in moving buildings. Before 

surface fracturing occurred, backfilling was introduced on the surface to 

prevent lateral movement. As the ground settled, more backfill was intro

duced to maintain a balance with the subsidence. This practice resulted
in confining the subsidence to within 20 feet of a property boundary where

15caving was from a depth of 600 feet .

A study of forces causing subsidence in deposits being mined by a 
caving method were undertaken by Gallagher*® to determine the lines of

13. Nelson, W. I. and Fahrni, K. C., Caving and Subsidence at the 
Copper Mountain Mine, Transactions of the Canadian Institute of Mining and 
Metallurgy and of the Mining Society of Nova Scotia, Volume LIU, 1950, 
pp. 1-9,

14. Kantner, W. H., Surface Subsidence over the Porphyry Caving 
Blocks, Phelps Dodge Corporation, Copper Queeen Branch, Technical Publica
tion No. 552, American Institute of Mining and Metallurgical Engineers,
1934, p. 13.

15. Ross, J. G. and Staff, Notes on Block Caving at the King Mine, 
Transactions of the Canadian Institute of Mining and Metallurgy and of the 
Mining Society of Nova Scotia, Volume XXXIX, 1936, pp. 441-447.

16. Gallagher, R. T., A  Method of Determining Subsidence in Mining 
with Particular Reference to Block Caving, Thesis, Colorado School of Mines,
1941.
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break. He employed geophysical methods of determination and found the 

best of these to be a seismic measurement.

Griswold*^ studied caving and subsidence at the San Manuel mine 

(1956-1957) and concluded that the initial break extended vertically 

above the undercut level. His conclusion was supported by data obtained 

from two diamond drill holes. The holes were drilled,to penetrate an 

active block before surface subsidence occurred so the original line of 

break in the stope could be ascertained. He favored two hypotheses of 

rupture: (l) the ore column fractured by low angle shearing immediately

below the strong capping and (2) the generating of a funnel formed at the 

top of the ore column by lateral tension cracks forming parallel to the 
sides of the block.

17. Griswold, G. B., A study of Subsidence at the San Manuel 
Mine, Tiger, Arizona, Thesis, University of Arizona, 1957.



GEOLOGY

General

The San Manuel ore body, which trends N 60° E, is about 6800 feet 

long and 3000 feet wide. The greatest vertical extent, as presently de

fined by drilling, is 1800 feet and consists of mineralized quartz mon- 

zonite, monzonite porphyry, and a minor amount of diabase. This ore body 

which shows extensive associated hydrothermal alteration, is a dissemi

nated copper deposit typical of many such deposits located in the south-
16western United States .

As previously stated, the ore reserves (1952) are 479^500,000 tons

averaging 0.77 per cent copper. This quantity includes both the sulfide

and oxide minerals. At the San Manuel mine, a minimum grade of 0.50 per
17cent copper is used to define ore .

Rocks

Rock types in the vicinity of the San Manuel mine range from pre- 
Cambrian to Recent in age. Most are igneous; the only sedimentary forma

tions are sands, gravels and conglomerates of Cretaceous to Quaternary age

The oldest rock, a quartz monzonite called the Oracle Granite, is the
18principal copper-bearing rock in the area .

16. Wilson, E. D., Geologic Factors Related to Block Caving at San 
Manuel Copper Mine, Pinal County, Arizona, Progress Report, April 1954- 
March 1956, United States Bureau of Mines Report of Investigations 5336, 
May 1957, p. 9.

17. 1951 Minerals Yearbook, United States Department of the Inte
rior, Bureau of Mines, p. 1328.

18. Wilson, E. D., oj). cit., p. 6.
13
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Intruding the quartzrmonzonite is a monzonite porphyry of either 

late Cretaceous or early Tertiary age which is also ah important copper

hearing rock*®. The monzonite porphyry consists of quartz, feldspar and 
biotite.The contact between the monzonite porphyry and the quartz monzon

ite is irregular and gradational.

Intruding both the monzonite porphyry and the quartz monzonite are 
diabase dikes, probably of late Cretaceous or early Tertiary age. The 

dikes are fine-grained,, dark or reddish-gray and form irregular intrusive

bodies. In the mine area^ these dikes are mineralized, thereby indicating
- « 20they are of pre-ore age . : '

The Cloudburst formation which is a conglomerate of upper Creta

ceous age contains two members, and is found along the western part of the 
mine area. The upper" member is primarily portions of fragments of all the 
older rocks. The lower member is composed largely of interbedded basaltic 
flows and breccia . •

The next younger rock is a light gray or pink rhyolite of Tertiary 
age that intrudes all the earlier rocks. The rhyolite occurs as dikes and 
irregular intrusives throughout the area. In general, the rhyolite is not 
mineralized by hypogene copper minerals but is stained by migratory chryso- 
colla where the dike is either in the zone of oxidation or close to it*

From surface exposures, rhyolite dikes are known to have intruded the

19. According to J. D. Pelletier, Chief Geologist, San Manuel Copper 
Corporationj the United States Geological Survey conducted age determination 
tests on a specimen of this intrusive and found it to be late Cretaceous in age.

20. Wilson, E * D ., * P* 0.
21. Wilson, E. D., ibid., p. 6.
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Cloudburst formation, but not any later rocks .

Lying unconformably upon the Cloudburst formation and covering a 
large portion of the area is the Gila (?) conglomerate which contains 

pebbles and boulders of the older rocks in the area. In contrast to the 

Cloudburst, the Gila is fairly well cemented. To the east, the Gila is 

in depositional contact with both the quartz monzonite and monzonite por

phyry; whereas to the west, the direct conglomerate-monzonite relations 

have been complicated by the San Manuel fault. Throughout the mine area, 

the Gila conglomerate strikes about N 50° W and dips 35 degrees northeast.

Neither mineralization nor hydrothermal alteration of the conglomerate 
23has been observed ,

"The name Gila conglomerate was proposed by Gilbert (1875, pp. 540- 
541) for a series of valley beds of which conglomerate formed a major 

part. The beds were examined by Gilbert along the upper Gila River and 
its tributaries in Arizona and New Mexico and the term has been used for 
similar deposits distributed over a wide area in Arizona"^.

Structure^

The San Manuel area is located near the east side of a tilted fault 
block which lies between the depressed San Pedro block to the east and 

a down-faulted area along the east side of the Santa Catalina Mountains.

22. Pelletier, J. D., Geology of the San Manuel Mine, a technical 
paper presented at the Arizona Section Meeting of the American Institute 
of Mining, Metallurgical and Petroleum Engineers, Tucson, Arizona, 
December 3, 1956, p. 3.

23. Pelletier, J. D., ibid., p. 3.
24. Schwartz, G. M., op. cit., p. 14.
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Movement following the tilting resulted in a series of north-south faults 

that dip eastward^®.  ̂ j ''
.......By far the most important structural features of the San Manuel

area are the faults that offset the conglomerates and the older rocks.

Of these, the oldest post-ore fault is the San Manuel fault, a low angle 

normal fault of large displacement, which has placed the Gila conglomerate 
against both the quartz monzonite and the monzonite porphyry. In the mine 

area, the San Manuel fault has a general strike of N 66 W and an average 

dip of 26 degrees to the southwest. The dip varies considerably and where
? ;

the fault is exposed in the number 2 shaft, the dip has been observed to

be 15 degrees to the southwest . North of the ore zone, the San Manuel
' - •* ’ •

fault passes south and west of Red Hill to a point south of the number 1 

shaft where it continues almost due west toward Tucson Wash. J. J. Steele 
has traced the fault more than a mile west of Tucson Wash. Where the fault 
has been observed underground, the underlying monzonite is sheared and 
fractured for a distance of 50 to 100 feet from the main break, and thus
the fault, in reality, is a major shear zone of this dimension .

A series of steep eastward-dipping, northwest-trending normal 
faults that have different amounts of displacement were formed after the 
San Manuel fault. Of these, the most important are the West fault, the
East fault and the Hangover fault. .'■■A

25. Schwartz, G. M., ibid., p. 15. 1
26. Schwartz, G. M. ibid., p. 17.
27. Pelletier, J. D., o£. cit., p. 4.
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The West fault offsets the San Manuel fault on the eastern side 

of Red Hill (Plate l) and extends south until it becomes difficult to trace 
in the decomposed conglomerate. About 800 feet east of the West fault and 

roughly parallel is the East fault. Similar to the West fault, the East 

fault also displaces the San Manuel fault toward the north (Plate 1).
About midway between shaft 2 and shafts 3A and 3B is the Hangover 

fault. This fault is obscured on the surface, but underground exposures 
show that it offsets the San Manuel fault.

The other major normal fault in the area is the Choila fault, which 

strikes and dips about parallel to both the West fault and the East fault. 

It is located east of the East fault and is outside the limits of the San 
Manuel property (Plate l).

The one important reverse fault of the area is the Vent Raise
fault, striking N 59° E and dipping steeply to the southwest. This fault
was probably caused by a later movement since it offsets the East fault.
The Vent Raise fault is not exposed on the surface but is found underground

28just north of the South Ore body .
Ore Body

The zone in which the ore body lies is an area about 9000 feet 
wide and with a known length of 9000 feet. Within this zone, the ore body 
is in the form of a U-shaped trough (Figures 3 and 4) inclined to the north 
west. The southeastern and the northwestern limbs are separated by a low 
grade, weakly altered zone designated as the "hanging wall zone". The

28. Pelletier, J. D.. ibid., p. 4.
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northwestern limb is the North Ore Body, and the southeastern limb the 

South Ore Body.
Throughout the area the main minerals are ehalcopyrite, pyrite,

feldspars and quartz with minor amounts of molybdenite. Within the ore

body proper, the sulfides are found in small veinlets or as disseminated
masses, and the molybdenite forms a coating on fractures or occurs in 

29quartz veinlets .
30According to Schwartz , there was widespread shattering of tectonic 

origin prior to the influx of the mineralizing solution. This fracturing . 

is shown by the somewhat equal rupturing of three distinctive rocks of 

t different age: the pre-Cambrian monzonite, the late Cretaceous monzonite

porphyry, and the diabase. Fracturing occurred apparently before either 

the deposition or consolidation of the Gila and Cloudburst conglomerates 
and before the rhyolite intrusion.

Schwartz studied in detail the alteration of the rocks of the San 
Manuel area and found evidence of four types of hydrothermal alteration: 
(l) kaolinite-alunite, (2) hydromica-pyrite, (3) sericite-pyrite-chalco- 
pyrite, and (4) marginal biotite alteration. The sequence of this alter

ation is not readily apparent, and the simplest explanation would be that 
the four types of alteration form concentric rings or zones from the 

kaolinite-alunite zone outward to that of the marginal biotite ring. This 
zoning is shown only on the south side of the ore body and is poorly de
fined elsewhere because of the conglomerate capping and the lack of

29. Pelletier, J. D., ibid., pp. 5, 6.
30. Schwartz, G. M., op. cit., pp. 59, 60.
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sufficient exploration. Development of the number 2 shaft exposed numer

ous veinlets of quartz-sericite-pyrite cutting across other zones of al

teration. Therefore, the entrance of earlier hydrothermal solutions in

structurally favorable areas appears to have induced the first, second, 

and fourth-listed alteration stages; whereas the copper-bearing alteration
' atoccurred at some later date .

Because the grade and type of ore mineralization does not change 
between the quartz monzonite and monzonite porphyry, it is thought that 

structure in the form of fracturing is the controlling factor of ore depo
sition.

31. Schwartz, G. M., ibid., pp. 18-33.

. 1 r



DESCRIPTION OF PLANT FACILITIES 
Surface Installations

The mine plant, mill and smelter were constructed by the Utah Con

struction Company and the Stearns-Roger Manufacturing Company. As noted 

previously, the mill and smelter were built approximately 8 miles south

of the mine to provide adequate area for tailings and slag disposal. The
32operation of all facilities was begun in 1956 .' ' : ' ' '■ - : . : . ' : '0 : , . ' ! - ; = - ' .■ •

The maintenance, repair and service shops of the mine are located 
along the north and west sides of Red Hill. The installations have been 
designed and built to maintain the mine as a self-contained unit. Connect

ing the mine with the mill and smelter is a standard gauge railroad which 

has been extended to Hayden, Arizona, to connect with the Southern Pacific- ' ' ' - ‘ •" i v • '. ■ *' ; ' , • *• -■ ■ ■■ ■ • . ■ ' : - : -
Railroad. A complete description of the installations at San Manuel has 
been given by A. W. Knoerr'*'*.

Shafts

The underground development of the San Manuel mine was started in 
mid-1948 with the sinking of the number 1 shaft. All levels in the mine 
have been designated in accordance with their depth below the collar ele
vation of the number 1 shaft, which is 3340.28 feet above sea level. The

32. San Manuel Copper Corporation Dedication Brochure, San Manuel,
Arizona, 1956. ‘ • 11; :

33. Knoerr, A. W., San Manuel -America's Newest Large Copper Pro
ducer , Engineering and Mining Journal, Volume 157, April 1956, pp. 75-100.

22
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number 2 shaft, started in the fall of 1948, was sunk in ore to obtain 

adequate samples from which could be determined the applicability of the 

deposit to caving and the amenability of the ore to concentration. The 

number 2 shaft was used continuously until late 1957 when the upper part 

of the shaft was sealed off because of increasing misalignment of the shaft 

caused by the ground movement accompanying subsidence. The portion of the 

shaft below the 1475 level will continue to be used for the development 

of lower levels. All original development work was done through the 1 and 

2 shafts which have been used also to prepare the 2015 and 2075 levels for 
the second lift.

In 1953, shafts 3A, 3B and 4 were begun. Shafts 3A and 3B are 

twin shafts located west of the ore body and are used for hoisting ore.
Each shaft has four 6̂ - by 7-foot compartments: two of which are for hoist-
ing ore, one is for a service cage, and one is used as a manway and pipeway. 
Hoisting of ore is done with 18—ton bottom-dump skips discharging directly 

into 5,000-ton ore bins located on the surface at each shaft. The hoisting 
facilities for both shafts are accommodated in a large hoist house; whereas 
the service cage is operated by a smaller hoist situated between the main 
hoist house and the shaft. Shaft number 4, which serves as the main supply 
unit, has two compartments, each of which contains a 7 by 13^-foot double

deck cage operating at 1500 feet per minute.
Haulage

The main haulage drifts for the first lift are located on the 1475 
level. They are 10 by 11-foot timbered drifts bordering the panels and 
are connected with the .hoisting shafts (3A and 3B) by parallel drifts.
Ore is transported from the mining area tc the dumping station in trains
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made up of fifteen 12-ton cars and pulled by 20-ton trolley locomotives. 

There is a dumping station at each hoisting shaft where the cars are 

emptied into a 1500-ton ore pocket by a three-car rotary dump. From these 

pockets ore is drawn into measuring cartridges which hold one skip load.

The grizzly level, or 1415 level, is situated 60 feet above the 

main haulage level. Fringe drifts on the grizzly level are located along 

the north and south sides of the ore body and between the panels. This 

level is connected to the number 4 shaft by a ventilation crosscut and to 

the number 1 shaft by a main crosscut. Figure 5 shows the 1475 haulage 

level, and figure 6 shows the 1415 level.

Ventilation

Ventilation in the mine is from shafts 1 and 4, through the main 

crosscut and a ventilation crosscut on the 1415 level, then down through 

the transfer raises to the main haulage level and up through shafts 3A andJ
3B.

Block Development

The upper lift of the South Ore body, which is being mined first, 

is approximately 600 feet high and is somewhat greater than the lift used 

in other block caving operations. The ore body is laid out in panels 

numbered from, northeast to southwest. The panels are subdivided into blocks 

numbered from northwest to southeast. Thus, block 7-1 is the most north

westerly block in the seventh panel from the northeast boundary of the ore 
body.

The method of mining at San Manuel has been, to date, full-protected 

block caving. "Full-protected block caving consists of developing, under

cutting and drawing to exhaustion a block of ore (of predetermined size)
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irithent coordination of mining or draw with adjoining areas. The block 

is mined and drawn as an independent unit.

"In practice this usually results in an offset checkerboard pattern

of mining blocks in order that sufficient blocks are provided to supply
■ . ' .

She desired tonnage and to reduce the number of pillar blocks" . When

the first pattern of blocks are completed, the capping will be allowed to 

settle and consolidate before the pillar blocks will be developed and 
mined.

4 . . ' .  . . .  . . . .

The method of draw for panels three and four is by slusher opera
tions because the ore column is low and this method requires less develop
ment. The remainder of the panels are being drawn by gravity as the ore 

column is higher and can support greater development. Figure 7 shows a 

typical block being drawn by gravity, and figure 8 shows the difference 
in the arrangement of raises for both gravity and slusher draw.

Development of a gravity block starts with driving transfer raises 
from the haulage level to the grizzly level. From the grizzly level, finger 
raises are driven to the bottom of the blocks. The blocks then are under
cut by driving small drifts across the tops of the finger raises and at 
right angles to the line of the grizzly drifts. After these are driven, 
the sides are slabbed to decrease the size of the pillars, starting at one 
corner of the undercut and progressing toward the opposite corner. Drawing 
commences immediately after blasting of the pillars so as to allow the 

caving action to begin.

34. McNicholas, F. S., Classification of Block Caving and Draw 
Methods, a technical paper presented at the Annual Meeting, American Insti
tute of Mining and Metallurgical Engineers, New York, February 12-16, 1950, 
pp. 1, 2.

... .. ' .
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FIGURE 7 -  DIAGRAM OF BLOCK

DEVELOPED FOR GRAVITY DRAW
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P A N E L  3 -  SLUSHER

P A N EL 4  -  SLUSHER

G R A VITY

FIGURE 8 -  Diagrammatic Sections of Transfer Raises for 

Gravity and Slasher Systems



• ' 5 OBSERVATIONS AND FIELD PROCEDURES

The first block was placed in production in January 1956, with 

* later blocks starting as development progressed; During February 1958, -

block 7-1 was drawn to completion, some 25 months after being undercut.

In this period, 14 blocks were fully developed for mining along with 

others in various stages of development. Table I lists the production

data of each block, and plate 2, a topographic map of the mine area be

fore subsidence began, shows the location of the blocks being mined by 
February 1, 1958. r

: ;• L-.
:: Surveying and Mapping 1 ^

Before mining began, the area within which subsidence was antici
pated was encompassed by a triangulation network. Within the designated 
area,;a grid was laid out and marked at 100-foot intervals with 4^-foot
pins# The base line of this grid bears N 44 E, and has its origin about 
280 feet northeast of the number 2 shaft. The pins on the base line are 
marked by their distance in hundreds of feet from the point of origin.

The:pins north and south of the base line are first noted with their base 
line number, then by their direction, either north or south, from the base 7
X  X - X  ' ' ' ' ./ X; X  " ' ......
line, and lastly by their distance in hundreds of feet to the base line.
Thus, pin 7N8 is located 700 feet northeast of the starting point and 800 

feet northwest of the base line.
■ •Since production began at the San Manuel mine, both the San Manuel

Copper. Corporation and the United States Bureau of Mines have made periodic
< . > >  < - - • ■ '• " ' ‘ ■ ' '

4 ' : .' *• c.:;-;' X u >  ̂ -'• •• - •
• - U .  : L • ; - ; - ‘.i V-..'. ' f C err , > ■' v 30

.1 . - . . ; i .. •; . - ’ • • V- _ * ■ -* X  :
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Table 1 -  1 reduction Data

Blockl
Undercut

Date1 2 * * * 6 Area ( f t . )
height of 
Ore ( f t . )

Tons Undercut 
Ore 1otal^ Ions Keiauved

Per Cent 
of Oreu

Per Centw 
of Total-* Remarks

7-1 1—2l*-5&ic 270 x 210
6-30-56
9-12-56 180 x 210
12-31-56
6-30-57
12-31-57
1—31—56

U28

Loo

1,939,1*60

1,210,276

5,121,11*1* 

3,342,928
55l,oo5

926,265
1,506,951
1,962,375
1,968,215

26.6

76.5
126.7
162.1
166.3

10.8

27.3
LL.5
57.8
56.6

&-56, f i r s t  capping  ̂

Lines 7, 8, 9 abandoned

9-1 2-L-56uc 265 x 210
6-30-56
12-31-56
6-30-57
12-31-57
1-31-56

566 2,329,1*00 6,679,692
762,390

1,397,695
1,906,055
2,320,005
2,362,120

3.3.6 
60.0 
81.8
99.6 

101.6

16.7
29.9
L0.7
L9.6
50.5

5-56, f i r s t  capping

6-2 >2b-56uc 2U0 x 210
6-30.56
12-31-56
6-30-57
12-31-57
1-31-56

L68 1,866,1*50 6,679,552
339,5W

1,031,660
1,776,790
2,360,095
2,662,260

18.0
56.6
96.0

126.0
131.6

7.6
23.0 
39.6
53.1 
55.L

9-56, f i r s t  capping

6-2 U-27-56ue 2US x 210
6-30-56
12—31—56
6-30-57
12-31-57
1-31-58

512 2,106,702 5,033,866
226,565
909,120

1,599,01*52,otii,o5o
2,137,565

10.7
63.2
75.9
97.9 

101.5

L.5
16.1
31.6
Ll.o
L2.5

10-56, f ir s t  capping

5-3 6-l5-56uc 21*0 x 210
12-31-56
6-30-57
12-31-57
1—31—56

329 1,326,221* 6,1*67,296
675,555

1,076,865
1,690,055
1,765,590

35.9
81.2

127.6
133.1

10.7 
26.2 
36.0
39.7

3-57, f ir s t  capping

l l- l H-16-S6uc 160 x 210
12-31-56
6-30-57
12-31-57
1-31-58

267 608,209 3,217,536
173,695
8,0,615
672,365
679,560

21.5
79.3

107.9
106.1

5.L
19.9
27.1
27.3

2-57, f i r s t  capping

> 2 lt-t-57ue 175 x 210
6-30-57
12-31-57
1-31-56

30L 891,000 3,166,380
163,000
596,265
676,605

20.1
66.7
75.7

5.2
16.8
21.L

9-57, f i r s t  capping

* 7 - t 5-31-57ue 105 x 150
12-31-57
1-31-56

L5L 572,1*50 1,363,660
376,975
667,090

65.6
76.1

27.2
32.3

12-57, f i r s t  capping

17-5 6-26-57ue 160 x 105
12-31-57
1—31—58

26L 399,160 1,631,1*68
362,955
607,270

65.9
102.0

21.0
25.0

1-58, f i r s t  capping

*9-L 7-25-57ue 150 x 105
12-31-57
1-31-56

102 516,668 1,1*13,720
323,070
362,21*5

62.3
69.8

22.8
25.6

12-57, f ir s t  capping

S9-5 9-2>57uc 150 x 105
12-31-57
1—31—58

213 267,935 1,1*63,960
222,955
259,660

83.2
96.9

15.L
18.0

12-57, f irs t  capping

k - 2 12-6-57ue 160 x 210 
I —3T—58

3U* 1,01*1,369 3,302,206
153,805 16.8 L.7

£00-2 l-30-56uc 120 x 105 
1—31—58

53L 91*1,1*37 2,030,366
63,60$ L.6 2.1

1. Blocks are lis ted  in  their order of development*
2, The f i r s t  date lis ted  is  the date undercutting was completed and regular draw commenced*
3* Includes the ore and capping above the undercut.
U. Percentage of the computed volume of ore in  the block.
5* percentage of the computed volume of material in the block*
6. Date of the f ir s t  appearance of cap rock in  the draw points.
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surveys of the entire pin system. Accurate locations of the pins are 

determined by triangulation. Maps have been compiled (Plates 3 through 

ll) and subsidence volumes have been computed (Table II) from the pin 

surveys to determine the amount of subsidence and the direction of move

ment of the pins. The contours shown on plates 3 through 8, compiled by 

the San Manuel Copper Corporation, represent the amount of subsidence with

in the mine area. Further studies of the cracks and ground movement have 

been determined by the use of transit surveys, plane table surveys, and 
Brunton and tape surveys.

Aerial photographs of the subsidence area were taken in November 
1957 from which a complete map (Plate 12) of the cracks was constructed.

The aerial photographs and the map fix accurately (-lj&) the position of 
cracks within the major subsidence area that is otherwise inaccessible to 
entry and to detailed mapping from the ground. The locations of smaller 
cracks in the outer fringes which did not appear in the photographs and 
whose location was determined by ground survey methods were platted also 
on this map.

Caving Characteristics of Ore and Overburden
The ore-bearing rocks, the quartz monzonite and monzonite por

phyry, are highly fractured and thus cave readily. In most places at the 
San Manuel mine, little difficulty is encountered in passing caved ore 
through the 11-inch grizzlies. The overlying Gila conglomerate is a highly 
competent, well-cemented formation that tends to break in large masses.
As subsidence has progressed, large blocks, having lateral dimensions of 
20 to 30 feet or more, have developed in the conglomerate. Breaks extend
ing to the surface of the ground occur almost vertically in the conglomerate



Table II - Subsidence and Extraction

A.

Total volume (cubic feet) Per cent of Ratio of draw
Date Extraction Subsidence subsidence to draw to subsidence
12-11-56 59,203,000 19,302,000 32.6 3.07 to 1
4-25-57 94,128,000 47,528,000 50.5 1.98 to 1
7-29-57 119,793,000 67,295,000 56.2 1.78 to 1
10-25-57 145,771,000 89,364,000 61.3 1.63 to 1
12-27-57 166,159,000 111,252,000 67.0 1.49 to 1
1-27-58 176,017,000 117,158,000 66.6 1.50 to 1

B.
Accumulative area Average depth Rate of draw

Date of subsidence (square feet) of subsidence (feet) (feet per day)

12-11-56 1,382,800 13,967 0.041
4-25-57 1,745,800 27.224 0.057
7-29-57 1,853,000 36.317 0.064
10-25-57 1,938,900 46.090 0.070
12-27-57 2,088,000 53.282 0.074
1-27-58 2,139,100 54.770 0.073
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Surface Bgprt»aaion and Pattern of Failure

The first disturbance of the surface was noted during the latter part

of April, 1956, about three months after production began. This original

disturbance appeared midway between blocks 7—1 and 9-1 as small ridges or
35bulges in the ground . A week later, the first tension cracks developed 

in the same vicinity, and on June 16, 1956, the pipe over block 9-1 appear

ed on the surface (Plate 13). This pipe did not form directly over the 

block but was displaced about 100 feet to the southwest and covered an 

area nearly l/3 the total undercut area of the block.

After the pipe broke to the surface, tension cracks in the alluvium 

and Gila conglomerate began to form concentrically around the pipe and 
surrounding the undercut area. As more ore was drawn from the blocks, the 

area fractured further outward and the tension cracks began to enlarge.
As blocks were subsequently developed and placed in production to the east, 

subsidence extended in that direction. Preceding any appreciable settle
ment of the surface, tension cracks formed following the general layout 

of the blocks. The outermost fringe of cracks enclosing the main area of 
subsidence assumed an elliptical shape, but, as draw continued, the area 
of subsidence increased more rapidly along the short axis of the ellipse 

to form a nearly circular pattern.
Early in the summer of 1956, major cracks began to form on the sur

face along the west and south sides of the main subsidence area. Minor 
fractures did not appear beyond these major cracks for over a year. The

35. Hardwick, W. R., Engineer, United States Bureau of Mines, South
west Experiment Station, Tucson, Arizona, Personal Communication.
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Plate 13. Pipe above block 9-1 looking northeast from Number 
2 shaft.

Plate 14. South escarpment and west escarpment looking southwest 
from east side of subsidence area.
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material to the east of the westernmost fracture began to settle quickly 
and form a cliff or escarpment. It was about 15 months before fracturing 

and subsidence extended beyond this major break (Plate 14). Before escarp

ments formed in the vicinity of the extreme western and southern fractures, 

the first movement was largely lateral owing to widening of cracks. Later 

downward movement along the south side of the area continued on both sides 

of the major fracture before a scarp formed here. A second fracture that 

appeared within the area was parallel to the first. Following this, move

ment virtually ceased south of the breaks and both cracks widened with the 

material between settling and forming a major escarpment along this side of 

the area (Plates 14 and 15). This scarp prevented lateral extension of 
subsidence for about 8 or 9 months when fractures began to form beyond the 

escarpments located along both the south and the west sides of the subsi
dence as seen in plate 12.

When the first escarpments began to develop along the west and 

south sides, minor cliffs formed also along the north and east sides of 
the area. As more material was drawn from the blocks to the east, tension 
cracks progressed still further eastward forming new escarpments. While 
new fractures formed in an outwardly advancing fashion, previously ex
isting cliffs assumed a stair-step pattern descending toward the center 
or lowermost part of the subsidence area (Plate 16).

Six blocks had been developed and placed in production by the end 
of 1956. From these, approximately 59,203,000 cubic feet of material had 

been drawn above an undercut area of 279,300 square feet. At this time, 
the area in which subsidence was prominent covered approximately 
1,382,800 square feet, and the downward movement averaged 13.97 feet.



Plate 15. South escarpment looking southwest from the southeast 
side of the subsidence area.

Plate 16. Stair-step escarpments looking northeast from the Number 
2 shaft.
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This constituted a volume of 19,302,000 cubic feet of subsidence. The 

linear rate of subsidence for a period of eleven months in 1956 averaged 

0.04 feet per day. It must be noted here that the blocks were developed 

at various times throughout the year; consequently, all of the blocks 

were not directly influencing the subsidence at the end of the year.

Along the east side of the area an escarpment formed early in the 

summer of 1957 connecting with the south escarpment in the southwest 

corner of block 5-3. The cliff passed through the western side of panel 
4 and continued toward the northeast portion of the area (Plate 17).

This scarp did not limit surface rupture, as tension cracks formed some 
200 feet east of the escarpment.

About 450 feet southwest of the number 2 shaft, a fracture appeared 
during the fall of 1957. The upper part of the shaft previously had 
shifted about 6 inches, and plans were under way to abandon the shaft above 
the 1415 level. This crack broke along a bedding plane of the Gila con
glomerate , and projections from the line of the break to the horizon of 

misalignment of the shaft coincide with the bedding of the conglomerate^®. 
Tension cracks appeared beyond the escarpment along the south side of the 
area during the middle of 1957 and re-established the circular pattern of 

fracturing.
The latest major development was the formation of a pipe above block 

3-2 on November 21, 1957 (Plate 17). Before the, pipe broke to the surface, 

there had been some 475,000 tons of material removed from ;the block during

36. Pelletier, J. D., Chief Geologist, San Manuel Copper Corporation, 
Personal Communication.
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Plate 17. East escarpment and pipe above block 3-2 looking south 
from the north side of the area.



a period of 7 months, compared to 700,000 tons removed from block 9-1 two 

months before a pipe appeared over this block. .
By the end of 1957, 12 blocks had been placed in production, from 

which a total of about 166,159,000 cubic feet, of material had been drawn. 

This created a subsidence volume of about 117,158,000 cubic feet. The 

ratio of draw to subsidence dropped from 3.07 to 1 for 1956 to a cumula

tive ratio of 1.5 to 1. In December 1957, the settling covered an area of 
some 2,139,000 square feet and an overall average of 54.77 feet of down

ward movement was noted. The greatest settlement at this time was about 
140 feet in the vicinity of pin 10N2.

Pin Movement

Before the surface ruptured, pins in the vicinity of blocks 7-1 and 
9-1 moved slightly downward. After the pipe formed above block 9-1, the 
pins in the immediate area moved both down and toward the break. As draw 
continued, the surface around the mining area fractured and the pins 
shifted toward the center of influence. The center of influence referred 
to in this paper is the approximate center of gravity of the subsiding 
area. This center began at the pipe above block 9-1 and, as production 
progressed eastward, it moved in the same direction until it is now 
(January 1958) in the vicinity of pin 10N2.

Pins located above the pillar areas were displaced both laterally and 

vertically as the surface subsided in a downward rocking manner. Outside 
the area delimited by the escarpments and following the formation of the 

first tension cracks, a minor vertical movement occurred with little or no 
lateral movement. Later, lateral and vertical downward movement increased

40
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• distinctly, moving generally toward the center of influence.

Over the active blocks near the center of the subsiding area, unit 
settling of the surface has taken place with little apparent surface 

fracturing. The result has been an overall settling of the area with 

faster subsidence occurring toward the center of influence.
East of the pipe above block 3-2, the pins were slightly elevated but 

had little or no lateral movement. At present, settling has been noted, 
but most pins still are elevated above their original location.



ANALYSIS AND CONCLUSIONS
The ground surface at the San Manuel mine experienced an initial 

break above an individual block, followed by subsidence toward this 
primary break and toward the mining area. This is unlike caving opera

tions in which pipes have broken usually above individual blocks or slop

ing areas. Inasmuch as this break afforded lateral relief for the area, 
later breakage and subsidence extended outward to encompass all the area 

above the developed blocks.

1 . ' Mode of Failure

As block 9-1 was drawn, the overlying cover of rock became thinner as 

the material within the stope spalled progressively upward and settled into 
the caving area. Subsequently, the span became too great to support the 

weight of the capping, and failure of the ground surface above the pipe 
occurred by shear.

The fact that the pipe appeared on the ground surface approximately 

100 feet southwest of the center of block 9-1 rather than directly above 

it possibly may be attributed to the existence of contemporary fractures 

associated with faulting. Wilson observed that fractures in the San 
Manuel mine trend in definite systems or sets, and that in many cases the 
orientation of a predominant system of fracturing is indicative of the 
strike and dip of a major zone of weakness. The occurrence of a prominent

37. Wilson, E. D., op. cit., p. 10.
42
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system of fractures (Figure 9) paralleling the East and West faults 

logically would account for the deviation of the pipe.

The formation of the west escarpment permits, also, an explanation 

on the basis of a relation to an existing zone of weakness. For example, 

as seen in figure 9, the West fault probably intersects block 9-1 some

where above the undercut level. If caving were to proceed along the weak 

hanging wall zone of the West fault, undercutting of the conglomerate 
would ultimately induce failure in tension because of flexure of the 

unsupported capping. A natural hinge-line of the cantilever action would 

be in the region of the lines of intersection of the West fault and the 

San Manuel fault. In figure 9, the dashed line that is projected almost 

vertically downward from the west escarpment terminates at the West fault 
near the assumed position of the hinge. South of the section shown in 
figure 9 and east of the number 2 shaft, the West fault coincides with the 
location of the west escarpment for a distance of about 500 feet. Two 

reasons can be given why a plane of failure did not develop by shearing 
action along the West fault in the conglomerate. One reason is that the 

conglomerate appears to have been re-cemented where it is cut by faults. 
Secondly, in order for a shearing action to occur along an inclined plane 
such as the West fault, the down-thrown blocks would have to be free to 
move laterally as well as down. Inasmuch as the subsiding ground surface, 
particularly toward the west, is settling more or less as a unit, no 

appreciable lateral relief is afforded. The East fault, for example, 

outcrops well within the subsidence area but there are no indications 
either of fracturing or differential movement along the fault owing to the
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disturbance caused by caving.
Distinct evidence of failure in shear appeared in the upper portion 

of the number 2 shaft where offset along a bedding plane of the Gila con

glomerate moved a section of the shaft about 6 inches out of alignment.

This action may have been caused by removal of support from the lower por

tion of the conglomerate. As the bottom of the mass settled, rotation 

occurred and the bedding plane near or toward the surface was pulled apart 

and, as a complimentary action, more weight was brought to bear down the 

dip of the beds and slippage took place along the bedding plane.

About the same time that the major crack appeared along the west side 

of the area, a large fracture was formed at the southern boundary of the 

region of subsidence. This fracture was roughly parallel to the southern

most limits of the extent of mining and it had an almost vertical dip 
(Plate 15). The angle of draw for this area was about 88 degrees. The 
angle of draw along the west side of the area was about 75 degrees. The 
13 degree difference is further indication of N-S planes of weakness 

paralleling the West fault and cutting the area to the lower angle of draw.

Both of these breaks compare favorably with the reported high initial
38angles of draw of other caving operations such as those at Bisbee and the 

. 3 9Copper Mountain mine

The series of stair-step escarpments (Plate 16) that formed toward 
the northeast is in a tract of land which is not in the proximity of any 

known faults, and evidence of geologic structural controls is absent. In

38. Kantner, W. H., op. cit., p. 13.
39. Nelson, W. I. and Fahrni, K. C., op. cit., pp. 1-9.
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the development of these escarpments, a recurring series of events takes 

place sequentially: (l) caving of the porphyry beneath the conglomerate

which leaves the cantilever-like edge of the capping unsupported, (2) in
creased deflection of the capping as support is gradually removed and as 

the unsupported span lengthens, (3) failure of the overhanging cap in ten

sion along a nearly vertical plane approximately above the transitory 

porphyry face, and (4) settlement of the resulting blocks of conglomerate 
to form an escarpment along the line of break as ore is drawn from the un

derlying stope. The affect of the recurrence of the series of events de

scribed above is depicted in figure 10. The lateral advance of the support

ing edge of the porphyry is indicated in the diagram by triangles.
The formation of the pipe above block 3-2 was caused apparently by a 

combination of the stoping action (creating a dome or void), the thin con
glomerate capping, and the subsidence to the west. During the time that 

block 3-2 was being drawn, the fringe drifts to the west were subjected to 

increased weight which is supporting evidence of the forming of a dome or 
void above block 3-2. The dome was apparently displaced southwest by the 

subsidence to the west. This zone of fracturing and subsidence would in
crease the stress in the pillars separating this area and block 3-2, and 
as block 3-2 was drawn, the formation of a dome or void would further in

crease the stress in the pillar area. The fracture of the dome would there
fore be deviated toward the pillar area, which is the zone of increased 

stress, until sufficient support was removed and rupture of the surface 

would occur by shear resulting in a collapse of the dome. An extension 

of the system of fractures assumed in the vicinity of block 9-1 could
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cause the deviation of the pipe above block 3-2, inasmuch as both pipes 

deviated in the same direction. Such a system of fracturing would possibly 
be found throughout the area and not be limited to only one portion.

Extent of Subsidence

It is evident from observations at the San Manuel mine that the final 

lateral extent of subsidence will.be dependent to a greater or lesser de

gree on the following: (l) height of the porphyry column, (2) thickness
of conglomerate capping, (3) strength of the rocks involved, and (4) in
tensity and orientation of planes or zones of weakness. The rate of draw 

is believed to have an affect on the initial rock failure and subsidence, 

but it is doubtful if the rate of draw will have an appreciable affect on 
the ultimate or final angle of draw.

Lack of knowledge of the final depth and lateral extent of mining pre
cludes the prediction of the magnitude of angles of draw for specific 
localities. Observations at other mining operations indicate that a por

phyry face will stand at an angle of about 50 degrees if the rock mass 

does not contain prominent structural defects. However, where the porphyry 

is overlain by one hundred feet or more of competent overburden, a plowing 
action may ensue as large blocks of conglomerate "ride down" the slope of 
the breaks in the porphyry, reducing the angle of slope by several degrees.

The conglomerate has broken, in almost all cases, along nearly ver

tical planes, and, owing to the competency of the conglomerate, there is 
little reason to anticipate appreciable change in time in the inclination 

of the face. Vertical banks of Gila conglomerate in a road cut near San 
Manuel have existed for almost 2 years without raveling or decrease of slope 

angle. To cite another example, the vertical faces of cliffs, buttes, and
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other erosional features in the Gila conglomerate near Ray, Arizona, have 
stood for several years. Facies changes in conglomerates are oftentimes 

abrupt, but records of drilling in the mine do not show evidence of pro

nounced changes from place to place.

As the subsidence area deepens, failure of the conglomerate may occur 
along bedding planes where the dip is toward the subsidence area. The 
first indication of failure along bedding planes was observed along the 
southwestern fringes of the area late in 1957. The most pronounced move

ment along a bedding plane displaced the number 2 shaft about 6 inches. 

Other bedding plane fractures were observed south of the escarpment located 

along the south side. By early 1958 little noticeable down-hill movement 

was apparent, but, in time, gliding may develop along bedding planes dip
ping as low as 35 to 40 degrees.

Conclusions
A primary factor governing subsidence at the Sun Manuel mine and at 

other caving operations appears to be one of structural control. A dis

tinctive feature at the San Manuel mine is the strong conglomerate which 

overlies the weaker porphyry. The conglomerate has a tendency to break 
along vertical, or nearly vertical, planes with little influence exerted 
by bedding planes in early stages of subsidence (Plate 18). Breaks persist 
to enlarge the disturbed area into a circular pattern. The general circu

lar pattern of fracturing around the area is shown in plate 12. The ten
dency of fractures to occur along planes of weakness is well-illustrated 

in the Copper Mountain mine. At this mine, breakage has been limited by 

the major planes of weakness and by the trend of the ore fracture as shown

Unhz. of Arizona library
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Plate 18. Vertical fractures in the Gila conglomerate, south side 
of the subsidence area.
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in figure 11.
A few bedding plane cracks have been observed along the south and 

west sides of the area. Plate 19 is a photograph of one of these cracks. 
It is believed that as the subsidence area expands and deepens, more of 
these bedding plane fractures will develop along the south and west sides 

because of the northeast dip of the conglomerate.
An assumption is made that the final angle of draw will be about 50 

degrees. Minor variations from this may be caused by (l) shearing along 
bedding planes of the conglomerate where the dip is toward the subsidence 

area, (2) formation of vertical faces in the conglomerate capping where 

the dip of the bedding does not affect the repose of the face, and (3) 

variations in the thickness of the capping. As mining increases in depth, 
the variables listed above will have a lessening affect on the ultimate 
angle of draw because of the decreasing ratio of thickness of overburden 
to height of porphyry column (Figure 12).

The mode of failure exhibited commonly throughout the area of dis

turbance is failure in tension caused by flexure of the conglomerate 

capping. Tension cracks in the conglomerate form relatively smooth, plane 

surfaces in contrast to jagged, meandering surfaces usually formed by 

tension failure. However, the explanation that shearing action produced 
the smooth planes of failure is denied by the fact that the initial ground 

movement was lateral (normal to the break). The cracks opened several 

inches to a few feet before the free blocks settled appreciably. In the 

formation of the pipes, the initial rupture has been assumed to be caused 

by a shearing action. This is evidenced by two factors: First, there is



52

— ISURFACE...
SUBSIDENCE SUBSIDING

GROUND

CAVED
GROUND

S T O P

SCALE

4000'

SURFACE
^SUBSIDENCE

SUBSIDING 
/ GROUNDJ CAVED 

i GROUND

S T O R E

AFTER W I. NELSON a  K. C. FAHRNI

FIGURE II “  EFFECT OF STRUCTURE ON SUBSIDING GROUND,

COPPER MOUNTAIN MINE, B. G.



___ OmGINAL_ _S UR FACE

CONGLOMERATE

ORIGINAL _ _  PORPHYRY -  W NGLOMERATE. ^ C O N T ^ C T

SUBSIDED

SURFACE

CK* ANGLE of b r e a k , c o n g lo m er a te

0 :  ANGLE OF BREAK, PORPHYRY 

(T * ANGLE OF draw

FIGURE 12 -  SECTION SHOWING FINAL ANGLE OF DRAW AND ANGLE OF BREAK

OF INDIVIDUAL ROCK TYPES AT THE SAN MANUEL MINE cmco



54

virtually no surface settlement before the pipe appears on the surface, 
and second, the initial breakage is a sudden collapse of the surface.

In summation, the major factor influencing fracture and subsidence 

at the San Manuel mine appears to be structural. The steps involved in 

failure and movement of ground are as follows:
1. The porphyry fractures along vertical planes above the undercut 

level. When this fracturing reaches the conglomerate, a short period of 
stability is maintained by the stronger conglomerate.

2. As the span across the conglomerate increases, approaching the 

limit of self-support, continued spalling causes initial surface rupture.'

3. The formation of the dome above the stope puts increased weight 

on the walls of the stope. The porphyry spalls by shear or compression 
from the walls into the individual blocks (Figure 13).

4. The area subsides more or less as a unit toward the center of 
influence created by the drawing of ore from the blocks.

5. Subsequent major escarpments are controlled by pre-existing 

planes of weakness with minor escarpments forming in a stair-step pattern 

as the area of undercut is increased.
6. When the mining operation ceases, the ultimate angle of break of 

the porphyry should be approximately 50 degrees; whereas, the conglomerate 

should stand along nearly vertical fracture planes except in areas where 

the angle of bedding is inclined toward the subsidence area.

This mode of failure agrees closely with Griswold’s second hypothesis 

(Figure 13). Deviations from this pattern occur where planes of weakness 

are present. Figure 12 is an idealized section of the ultimate angle of
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draw showing the individual angles of break for the porphyry and for the 
conglomerate.
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C o n g l o m e r o t e

Monzonite Monzonite

FIGURE 13 -  ILLUSTRATION OF SECOND HYPOTHESIS, 

AFTER G. B. GRISWOLD
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