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A GEOHYDROLOGIC ANALYSIS OF MINE DEWATERING
AND WATER DEVELOPMENT, TOMBSTONE,

COCHISE COUNTY, ARIZONA

by

Este F0 Hollyday

ABSTRACT

Tombstone, 73 miles southeast of Tucson, has been a site of

extensive dewatering for mining operations. During an 8-year period

between 1901 and 1911, a total of 36, 900 acre-feet of water was with-

drawn from ground-water storage in the mine rocks with a maximum

decline in water level of 440 feet. For the 8-year period of pumping,

this volume of water could have supported a city of 30, 000 population.

The sedimentary rocks within the mining district have a com-

posite thickness of 8, 600 feet and include the normal stratigraphic

sequence of southeastern Arizona from the Precambrian Pinal Schist

to the top of the Cretaceous Bisbee Formation0 Siliceous and quartzose-

clastic rocks within the mining district have been altered to quartzite,

hornfels, and jasperoid and have the best porosity and permeability as

a result of innumerable fractures and fissures. Among the siliceous
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rocks, the Bolsa Quartzite and Bisbee Formation are the best water-

bearing units within the district,. The carbonate rocks, predominant in

the section, have been fractured and subjected to solutioning0 They

have their best porosity and permeability within the zone of maximum

circulation near the water table.

The mining district is bordered on the west by the impermeable

Schieffelin Granodiorite and related intrusives that partly isolate the

district from areas of natural ground-water discharge along the San

Pedro River. The district is bordered on the south and east by pre-

dominantly crystalline carbonate rocks, The igneous core of the Mule

and Dragoon Mountains lies farther to the east, An alluvial valley with

large ground-water storage lies immediately north and northeast of the

mining districL

A review of the history of previous water development indicates

that the magnitude of the yield of the aquifer complex has been exagger-

ated out of proportion as a result of circumstances connected with de-

watering operations.

For comparative purposes the coefficient of transmissibility

of the aquifer complex is estimated as 10, 000 to 15, 000 gallons per day

per foot and the coefficient of storage is estimated as 01. Prediction

of the aquifer performance using these two coefficients is greatly mod-

ified by anisotropy and boundary conditions within the aquifer complex,
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and the yield is rapidly reduced with time. As a result, empirical log-

log approximations of the time-drawdown curves are proposed for pre-

dicting the long-term performance of the aquifer complex0

The geohydrologic evidence indicates that the Tombstone mining

district may provide a suitable location for long-term, moderate pro-

duction of municipal water. With extensive development, the aquifer

complex could support a population several times the present size of

Tombstone, but this would result in an appreciable drawdown of the

water table. On the other hand, the location is moderately good as a

site for the consumption of ground-water storage and dewatering that

would necessarily accompany mining below the static water level0
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CHAPTER I
INTRODUCTION

General Statement

The prolonged and costly mine dewatering operations at Tomb-

stone since the early lgOOts gave rise to the popular belief that the mines

contain unlimited water resources. Some have proposed that the mines

be drained and the water be furnished to Tucson as a much needed sup-

plement to the municipal supply. Although this proposal has received

frequent and widespread circulation, it has been neglected because of

an absence of adequate information as to the permanence of water

supply.

The purpose of this study, initiated in the summer of 1962, is

first to bring into perspective the nature and scope of the original water

problems, which gave rise to the popular belief in unlimited water re-

sources at Tombstone, and second to appraise the geohydrologic setting

for magnitude of water supply as it pertains to further mining at depth

or as it pertains to use as a future water source.

Location and Accessibility

Tombstone is located 73 miles southeast of Tucson and 24 miles

northwest of Bisbee0 It is in the southwest quarter of Cochise County
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situated in the southeast corner of Arizona (fig. 1). The regional map

(p1. I) illustrates the geology and principal ground-water occurrence in

the area bounded approximately by parallels 310301 N. and 3l°54 N.

and by meridians 109°50 W. and 110°15 W. This area includes Ts.

18 to 22 S. andRs. 21 to 24 E., referenced to the Gila and Salt River

primary coordinates. The more detailed map of the Tombstone mining

district illustrates the geology in two sections in the center of the area

illustrated on the regional map (pis. I and II).

Tombstone may be reached from Tucson via Interstate Highway

10 to Benson and U. S. Highway 80 from Benson to Tombstone. Access

to the regional area is gained by U. S. Highways 82 and 90 in addition to

four improved gravel roads, Unimproved ranch roads are passable and

provide access to nearly all the region. Runoff from summer thunder-

showers often steepens the banks of the desert washes, and it may be

necessary to shovel the road crossings to a more moderate slope.

Physiography, Climate, and Vegetation

Tombstone, at an elevation of 4, 530 feet, is situated on the

northeast flank of the Tombstone Hills within the upper San Pedro River

drainage basin (p1. I). The Tombstone Hills are low scattered hills,

which have a maximum elevation of 5, 320 feet and are composed of

igneous and sedimentary rocks. East of Tombstone Stockton Hill and

other volcanic hills of low relief protrude through the alluvial plains
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and connect with the southern end of the Dragoon Mountains. These

mountains, northeast of Tombstone, form a rugged mass trending north

west. The southern half of this 20-mile long mass is a single narrow

ridge of sedimentary rocks flanked by low scattered foothills, This

ridge widens to the north into a higher more rugged mass composed

predominantly of granite and having a maximum elevation of 7, 143 feet

within the region, Within the northwest-opening angle formed by the

Dragoon Mountains and Tombstone Hills, a dissected alluvial plain with

a slight concave upper surface slopes at about 75 feet to the mile west

toward the San Pedro River. Flowing north, the San Pedro River leaves

the region at an elevation of 3, 570 feet, Southeast of the Tombstone

Hills the Mule Mountains rise in a plateaulike mountain mass reaching

a maximum elevation of 6, 669 feet, This 10-mile wide mass has been

dissected, West of the Mule Mountains another alluvial plain, less

dissected than the plain north of Tombstone, slopes gently west toward

the San Pedro River. A third alluvial plain segment is situated between

the north end of the Mule Mountains and Stockton Hill. The surface

drainage divide between the San Pedro Valley on the west and the Sulphur

Spring Valley on the east follows the crest of the Mule Mountains, passes

up the center of this alluvial plain segment to Stockton Hill, and then

follows the crest of the Dragoon Mountains, The subsurface drainage

divide is apparently coincident with the surface drainage divide.

The west side of the Dragoon Mountains and the north side of
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the Tombstone Hills as well as the alluvial plain north of Tombstone are

drained to the west by Clifford Wash, Willow Wash, and Walnut Gulch,

ephemeral tributaries of the perennial interrupted San Pedro River.

Government Draw and lesser parallel washes drain the alluvial plain

west of the Mule Mountains. Stockton Draw drains the eastern half of

the plain between the north end of the Mule Mountains and Stockton Hill

into Whitewater Draw of the Sulphur Spring Valley0 With few exceptions

the tributary washes in the region flow for less than 1 percent of the

year, which is during flash runoff following summer thundershowers.

The San Pedro River has perennial flow for several miles upstream

from Charleston. Below Charleston this river begins to flow after the

first heavy rains in summer and continues to flow for several months

following the rainy season.

The climate of Tombstone is semiarid with moderate winters

and hot summers, The average maximum temperature is 76°F; the

average minimum is 49°F. The extremes recorded are 1100 and 9°F,

respectively. Conditions for fieldwork are good to excellent. The

average annual precipitation at Tombstone for 65 years of record is 14

inches with extremes of 7 inches and 28 inches. Seventy percent of

this precipitation comes from intense convective storms during the

months of July, August, and September.

Vegetation is predominantly desert shrubs and scattered clumps

of desert grasses. In the San Pedro River basin, creosote bush,
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tarbush, mortonia, and whitethorn are common with several types of

grama, curley mesquite grass, and tobosa grass near the mountain

front0 Mesquite and occasionally paloverde are common along the San

Pedro River and in moist pockets along its tributary washes, Ocotillo,

yucca, and agave are found occasionally with the grasses0 The alluvial

plain situated between the Mule Mountains and Stockton Hill, mostly

within the Sulphur Spring Valley, is characterized by a much greater

abundance of native grasses, although shrubs apparently are invading

this area from the San Pedro Valley0 The higher mountainous areas

typically are covered with a scattered growth of yellow pine, juniper,

live oak, and cedar. Outcrops are well exposed on close examination,

and only thin soil cover in grassland or local talus in the foothills and

mountains present a problem in mapping0

Objective and Scope of Research

The objective of the research presented in this paper is to pre-

sent a case history of the development of a fractured-crystalline-rock

aquifer and to estimate the future expectable water yield of the Tomb-

stone aquifer complex0

A full treatment of the problem of yield with these two objec-

tives in mind necessitates research into the following five areas:

(1) An examination and analysis of the regional geohydrologic

setting with special emphasis upon the local dewatering site in order to
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determine the interrelationship of rocks and water occurrence and move-

ment.

Examination of the previous history of water production

with emphasis upon problems encountered, how these problems were

handled, and the manner in which they influenced previous estimates of

the aquifer performance.

Examination of the natural conditions before and after de-

watering and an examination of the changes in natural conditions caused

by dewatering.

Collection and evaluation of pump-test data and analysis of

the most reliable data to develop methods of predicting future aquifer

performance.

An appraisal of the geohydrologic setting for future water

development based upon an analysis of the most significant variables in

the geohydrologic setting.

Methodology

Data Collection

The phases of data collection, data reduction, and data analysis

were conducted in part concurrently. A regional well inventory was

begun during the latter part of November 1961, and was continued

through the summer of 1962. Depth to water and total depth of well
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were measured with a steel tape. The topographic location and well

elevation were estimated from 25- and 40-foot contour interval topo-

graphic maps. Grab samples of well cuttings were collected from

sludge dumps that were still recognizable in order to estimate the na-

ture of the materials encountered in drilling and to check the drillers

logs, The results of the regional well inventory are reported as re-

gional water-table contours on plate I.

An underground investigation of the fracture and fissure net-

work in the Tombstone mining district was conducted during August

1962 in an attempt to evaluate the relative magnitude of effect that each

fracture set has upon the waterfiow system. Observations were made

of the width and lateral extent of the various fracture sets previously

reported in detailed studies of the mine workings.

Search for hydrologic data revealing the past performance of

the Tombstone aquifer was begun in June 1962 and continued through

November 1962, Available unpublished mining records and geologic

notes were searched as well as published geologic reports, mining

periodicals, and newspapers. Particular note was made of water-level

measurements, mine- development data, discharge measurements, and

problems encountered in dewatering. The most reliable sources were

used as a standard for evaluating the validity of additional data. These

data constitute the bulk of the raw material used in the quantitative de-

termination of the performance of the Tombstone aquifer.



Data Reduction

Water-level data collected during the regional well inventory

were reduced to elevations above mean sea level0 All calculated eleva-

tions were rounded off to the nearest 10 feet0

Hydrologic data gleaned from the literature were tabulated and

placed on IBM cards0 Inasmuch as the discharge was not maintained at

a steady rate in all pumping situations, the Cooper-Jacob generalized

steady- state method of solution for aquifer coefficients (Cooper and

Jacob, 1946) was adopted and programmed for the IBM 650 computer in

order to handle the fourth variable, discharge. The data and program

were run on the IBM 650 in the Numerical Analysis Laboratory at the

University of Arizona. Computed points were plotted on semi-logarithmic

and logarithmic paper for analysis. One week was required in writing

the program, and a total of about 2 hours was required in running the

program and data through the computer.

Data Analysis

All sets of reduced data were analyzed with reference to the

regional and local geology to develop an integrated geohydrologic pic-

ture of the area.

Results of the regional well inventory were analyzed to detect

any indications of the degree of intercommunication of the ground-water

9
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reservoir in the mine rocks with the ground-water reservoir in the sur-

rounding alluvial plains.

Results of the reduction of the Tombstone hydrologic data were

analyzed with reference to the local geology in an attempt to explain the

departures of the results from those expected under ideal aquifer con-

ditions. The original data were run through the computer a second

time using a new program designed to include known geohydrologic

boundaries. This rerun was made in order to determine the magnitude

of correction obtained in the results by including known geohydrologic

boundaries0 Using the unreduced data, a brief qualitative analysis was

made of the turbulence losses in the Pump Shaft during the 1903-11

pumping under step-drawdown conditions extending over a period of 4

years.

Geologic data were analyzed to determine the nature of the

aquifer complex. This analysis was directed toward evaluating the

stratigraphic and structural zonation of the aquifer properties, both

vertically and laterally.

Data analysis was conducted during the winter of 1962-63. The

writing of the report and drafting of illustrations were conducted in the

spring of 1963.



Previous Work

Geologic

The geology of the Tombstone mining district has been published

in detail with regard to general geology as well as economic geology.

As an outcome of mine litigation consulting, W. P. Blake pub-

lished one of the first reports on the general geology and some local

ore occurrences in the central mining district (Blake, 1882). Blake was

again consulted in 1902, and he subsequently published a report for the

Development Co. of America, reviewing the general geology and mining

development to that date (Blake, 1902 and 1904).

J. A. Church, mining professor at the University of Arizona

and long-time employee of the Tombstone Mine and Milling Co., pub-

lished a report on the regional occurrence of ores and on the general

geology, incorporating local stratigraphic names (Church, 1903).

F. L, Ransome began the first comprehensive study of the

geology of the mining district both on the surface and underground, in-

troducing the type stratigraphic names from Bisbee, Dr. Ransom pub-

lished some of his findings, including a regional geologic map and dis-

cussion of the stratigraphy, in a report basically concerning the occur-

rence of manganese (Ransome, 1920).

The notable work of Dr. Ransome was ably carried to completion

by B, S0 Butler, E. D. Wilson, and C. A. Rasor in a detailed report

11
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concerning the systematic description of the geology and occurrence of

ore in the central mining district (Butler, Wilson, and Rasor, 1938).

James Gilluly, J. R. Cooper, and J. S. Williams made a de-

tailed study of the Pennsylvanian-permian stratigraphy in the Tomb-

stone Hills and as a result subdivided Ransomets Naco Formation into

four smaller formations in the Tombstone Hills area (Gilluly, Cooper,

and Williams, 1954).

James Gilluly conducted a regional study of the stratigraphy

and structure of the bedrock in the Tombstone Hills, Dragoon Moun-

tains, and the northern half of the Mule Mountains (Gilluly, 1956).

The comprehensive reports of James Gilluly (1956) and of

Butler, Wilson, and Rasor (1938) are the basic source of published

geologic information contained in the bedrock-geology phase of the geo-

hydrologic analysis in this report. The reader is referred to these two

publications for further details not contained in this report.

Hydrologic

No comprehensive investigations of the ground-water hydrology

of the Tombstone region have been published previously. Only brief,

selective surveys were conducted by the various mining companies,

consultants, journalists, and the Agricultural Engineering Department

of the University of Arizona,

In 1901, W. F. Staunton, General Manager of the Tombstone
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Consolidated Mines Co., reviewed the dewatering records of previous

mining companies in order to estimate the requisite capacity of a new

pumping plant (Blake, 1902). Later Staunton explained the reasoning

behind his estimate of the necessary capacity of the new pumping plant

(Staunton, 1908). Staunton also published an article reviewing the ac-

cidental flooding of the mines in 1909, the existing pumping plant, an-

nual pumping records up to the latter part of 1909, and problems and

plans in regaining the 1, 000-foot level (Staunton, 1910).

E, W. Walker described the pumping plant at Tombstone and

some of the dewatering problems encountered (Walker, 1909).

J. A. Church made an investigation of the water problem for

the same company and proposed hypotheses as to the source and move-

ment of the water and the prospects for its control in- the future (Church,

1905).

Charles Legrand, consulting for the Phelps, Dodge & Co0, me0,

made a brief review of the previous pumping and made an estimate of

the contemporary cost of dewatering the mines again (Legrand, 1914).

R. B. Brinsmade reported on the methods of sinking wet shafts

below water level at Tombstone and Bisbee and proposed ideas on the

source of the water (Brinsmade, 1906). Later, Brinsmade reported on

the progress of the Tombstone Consolidated Mines Co. in handling their

water problem and in operating the cyanide plant (Brinsmade, 1907).

Ralph Mahoney published an article on the history of the
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problem that water presented to mining at Tombstone (Mahoney, 1958).

Professor H0 C0 Schwalen, Department of Agricultural Engi-

neering at the University of Arizona, made an unpublished survey of

base flow along the San Pedro River from the Mexican border to Winkel-

man as well as a brief study of the St. David artesian basin during the

early 192Os

Dr. R, H. Forbes, Professor Emeritus of the College of Ag-

riculture, published an article on Tucson water supply and possible

sources of augmentation (Forbes, 1947). This article cited records of

yield of water at Tombstone during past mining history and presented

estimates of potential yield if water development were resumed0

Professor H0 V. Smith, College of Agriculture, has made nu-

merous water analyses in the Tombstone and St. David areas (Smith,

1949).
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CHAPTER II
GEOHYDROLOGIC SETTING

Stratigraphy and Water -Bearing Properties

The rock formations in the Tombstone region range in age

from Precambrian to Recent. The oldest rock is the Precambrian

Pinal Schist, which has been intruded by small masses of Precambrian

granite and quartz diorite. Unconformably overlying these rocks is the

Cambrian Bolsa Quartzite. The remaining Paleozoic rocks are pre-

dominantly carbonates, including the Abrigo Limestone of Cambrian

age, Martin Limestone of Devonian age, Escabrosa Limestone of Mis-

sissippian age, and Naco Group of Pennsylvanian-Permian age. The

local section of the Naco Group includes the Horquilla Limestone, Earp

Formation, Colina Limestone, and Epitaph Dolomite. The Paleozoic

rocks have been intruded locally by granite and quartz monzonite of

Triassic and Jurassic age. The Cretaceous Bisbee Formation, pre-

dominantly siliceous and quartzose- clastic materials, unconformably

overlies older formations, including the Pinal Schist. The Cenozoic is

represented by intrusive rocks and abundant volcanic rocks. Cenozoic

sediments and alluvium fill the intermontane basins.

In the Tombstone region the relative adequacy of an aquifer to

16
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supply a potential demand is in general a function of the three factors

of rock type, structural setting, and depth below water table.

The crystalline rocks in the mountains that have a large con-

tent of minerals which weather to clay will seal their fractures and be-

come relatively impermeable at very shallow depths0

The rocks that have a large content of siliceous material are

readily metamorphosed to hornfels, and where they have been subjected

to intense fracturing, they probably constitute the best cOnsolidated-

rock aquifers wherever located within 500 feet below the water table.

These siliceous rocks apparently have larger storage capacity than

carbonate rocks,

The carbonate rocks have high solution porosity and permeability

in the zone of maximum circulation near the water table, The porosity

and permeability, however, decrease rapidly with depth and appear to

become negligible at depths greater than 300 feet below the water table.

In zones of thermal as well as dynamic metamorphism, the fractures

in the carbonates may be sealed at all depths.

The valley alluvium probably has the largest porosity and

permeability of any geologic material in the area.

The outcrop distribution of the geologic formations in the Tomb-

stone region is shown on the geologic map (p1. I), and the physical char-

acteristics and water-bearing properties are given in the map explana-

tion, As a matter of convenience, the stratigraphy in the Tombstone
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region may be subdivided into six geohydrologic units based upon their

composition and texture, secondary structures, geologic age, and in-

fluence on the occurrence and movement of ground water: (1) intrusive

rocks and Precambrian metamorphic rocks, (2) Paleozoic elastic rocks,

(3) Paleozoic carbonates, (4) Bisbee Formation, (5) volcanic rocks, and

(6) alluvium., Units of the greatest significance in relation to ground-

water problems in the mining district are emphasized in this report0

Intrusive Rocks and Precambrian Metamorphic Rocks

The intrusive rocks and Precambrian metamorphic rocks con-

sist of three generalized geologic formations: Precambrian intrusive

and metamorphic rocks, Triassic-Jurassic intrusive rocks, and Terti-

ary intrusive rocks0

The Precambrian intrusive and metamorphic rocks crop out in

the Tombstone mining district, in the western part of the Mule Moun-

tains, and in the northern and western parts of the Dragoon Mountains.

The intrusive rocks consist of albite granite, quartz diorite, gneissic

granite, and saussuritic quartz diorite In general these rocks are

highly fractured, altered, and deeply weathered0 Near Tombstone the

Pinal Schist is a quartz-sericite schist that is deeply weathered0

Inasmuch as the fractures in these rocks commonly are sealed with

clay-size weathering products, they yield only small amounts of water

within the first few tens of feet below the water table.
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The Triassic-Jurassic intrusive rocks crop out in the western

part of the Mule Mountains and along the core and in the southern part

of the Dragoon Mountains. These rocks are predominantly quartz mon-

zonite and granite which have been intensely altered and sheared. Like

the Precambrian rocks they should yield small quantities of water to

dug wells but probably are quite impermeable below the first few tens

of feet.

The Tertiary intrusive rocks crop out in the northern and west-

ern parts of the Tombstone Hills and in the northern part of the Dragoon

Mountains. The intrusions are intermediate in composition, bordering

on quartz monzonite. Associated dikes are composed of more basic

andesites and granodiorites0 The Schieffelin Granodiorite on the west-

ern edge of the Tombstone mining district (p1. II) has a regularly

spaced, three-directional fracture system which stores small amounts

of water. Shallow dug wells in Tombstone Gulch penetrated the grano-

diorite and furnished the local water supply for the young mining camp

during its first 2 years of existence0 Pumping the mines between 1903

and 1911 lowered the water level as much as 300 feet in the mine rocks

east of the Schieffelin Granodiorite. Water levels in the granodiorite,

however, were unaffected by pumping and remained as much as 600

feet above pumping water levels in the mine rocks. Dikes of grano-

dioritic to dioritic composition, related to the Schieffelin Granodiorite

in origin, traverse the Tombstone mining district along a trend of N.
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12° E. and dip steeply west, These thin dikes are faulted and sheared

and appear to have a permeability intermediate between the more per-

meable silicified sediments at the top of the local section and the less

permeable carbonate rocks underlying the silicified sediments,

In summary, the intrusive rocks and Precambrian metamorphic

rocks generally are poor water-bearing formations, Their chief geo-

hydrologic significance is that they form barriers to ground-water move-

ment at depth. They surficially store small amounts of water which at

shallow depths may move laterally into the deeper ground-water res-

ervoirs.

Paleozoic Clastic Rocks

The Bolsa Quartzite of Middle Cambrian age is the only pre-

dominantly clastic Paleozoic formation in the Tombstone region. The

Bolsa Quartzite crops out in the Tombstone mining district, along the

western edge of the Mule Mountains, and in the core of the Dragoon

Mountains, Throughout the entire region it is composed predominantly

of hard quartzite made from quartzitic pebble grit and coarse sand with

a thin basal conglomerate. Relatively large water storage and moder-

ately large permeability is provided by numerous joints and fractures

in this hard siliceous material. One hundred percent of its 440 feet is

homogeneous aquifer material. In the Superior mining district, where

the Bolsa Quartzite has a lithology and structural setting quite similar
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to those at Tombstone, it is found to be more permeable than the Pale-

ozoic carbonate formations and yields larger amounts of water than the

carbonates during mining operations at depth.

The chief geohydrologic significance of the Bolsa Quartzite is

that it is one of the best crystalline-rock aquifers in the Tombstone

mining district0

Paleozoic Carbonates

The Paleozoic carbonates, undifferentiated in this report, in-

clude the Abrigo Limestone, Martin Limestone, Escabrosa Limestone,

and the four local formations in the Naco Groupthe Horquilla Lime-

stone, Earp Formation, Colina Limestone, and Epitaph Dolomite.

The Paleozoic carbonates crop out in the Tombstone mining

district and eastern part of the Tombstone Hills, in the western part of

the Mule Mountains, and in the core of the Dragoon Mountains. The

composite thickness of this geohydrologic unit is about 5, 200 feet, of

which 660 feet or about 13 percent consists of partly siliceous material

metamorphosed to hornfels near younger intrusive rocks. Where ex-

tensively fractured as in the Tombstone mining district, the hornfelsic

material yields moderately large quantities of water, The thickness

and percent of partly siliceous material within each formation is: Abrigo

Limestone, 240 feet or approximately 27 percent of this formation;

Martin Limestone, 100 feet or approximately 43 percent; Escabrosa
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Limestone, 20 feet or approximately 3 percent; Horquilla Limestone,

0 feet or no siliceous material; Earp Formation, 150 feet or approxi-

mately 25 percent; Colina Limestone, 2 feet or practically no siliceous

material; Epitaph Dolomite, 150 feet or approximately 16 percent0

Most of the siliceous material is concentrated in the base and top of the

Paleozoic carbonates in the Abrigo Limestone, Martin Limestone, Earp

Formation, and Epitaph Dolomite, The Escabrosa Limestone, Horquilla

Limestone, and Colina Limestone are practically completely free of

siliceous material,

The remaining 4, 540 feet of nonsiliceous material in this geo-

hydrologic unit is predominantly limestone with subordinate amounts of

limestone with nodular chert, dolomite, and calcareous shale, Within

the Tombstone mining district, fractures in these carbonate materials

have been enlarged greatly by solutioning above the water table and

within 200 to 300 feet below the water table. In the south-central part

of the Tombstone mining district, vertically dipping beds of Paleozoic

carbonates are situated perpendicular to a line between the Emerald

Observation Shaft and the Pump Shaft at the Contention mine (p10 ll)

Large declines of the water level in the observation shaft in response

to pumping in the Pump Shaft 5, 450 feet away indicate that the Paleozoic

carbonates provide hydraulic continuity between the two shafts and must

have moderately large permeability at least within the first 200 to 300

feet below the water table. At a depth of about 270 feet, a thick limestone
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unit at the top of the Epitaph Dolomite was encountered in the Pump

Shaft and was found to have very small storage and small permeability0

The porosity and permeability this limestone unit possesses below 270

feet below the water table can be attributed to two or three major faults

and fissures. The vast majority of this unit is very dense and the small

fractures and fissures have not been widened by solutioning at this depth.

Immediately adjacent to younger intrusive rocks, as in the Lucky Cuss

mine on the western margin of the Tombstone mining district, the car-

bonate materials have been altered and recrystallized, further reducing

their small storage capacity.

In summary, the chief geohydrologic significance of the Pale-

ozoic carbonates is that the 13 percent of siliceous material they con-

tain provides several thin aquifers of moderately large porosity and

permeability, while the remaining 87 percent of carbonate material

provides an aquifer of small porosity and moderately large permeability

that decrease in value with increasing depth below the water table.

Bisbee Formation

The Bisbee Formation of Cretaceous age crops out in the cen-

ter of the Tombstone mining district and in the central part of the Tomb-

stone Hills. It also underlies most of the northern half of the Mule

Mountains and eastern part of the Dragoon Mountains, Within the Tomb-

stone mining district, the Bisbee Formation is subdivided into three
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generalized geologic units: Bisbee Formation clastics, Blue Limestone,

and Joe Limestone.

The composite thickness of the Bisbee Formation in the Tomb-

stone mining district is about 3, 000 feet, of which about 160 feet or 5

percent is limestone.

The lowermost clastic rocks at the base of the Bisbee Forma-

tion, which are given the name "Novaculite" in the mining district, Un-

conformably overlie the Epitaph Dolomite and range in thickness between

55 and 125 feet. The ??Novaculite?? is an interbedded sequence of lenses

of limestone conglomerate with a quartzitic sand matrix, sandy lime-

stone, calcareous shale, and chert. This sequence has been altered to

extremely hard brittle hornfels0 The Blue Limestone conformably

overlies the ttNovaculite " Between the Blue Limestone and Joe Lime-

stone is about 800 feet of mudstone and varicolored shale with minor

amounts of sandstone. The mudstone and shale have been largely altered

to hornfels and jasperoid and the sandstone to quartzite The remaining

part of the Bisbee Formation in the Tombstone mining district is pre-

dominantly sandstone, quartzite, and silicified shale.

The Blue Limestone is a medium- to thin-bedded silty lime-

stone that ranges in thickness between 20 and 40 feet. This unit was

evidently subjected to considerable solutioning above the present water

table prior to deposition of the silver ores of the district.

The Joe Limestone is a gray, cherty limestone of about 20 feet
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in thickness.

Below the water table, both the Blue Limestone and Joe Lime-

stone are thin aquifers of moderately large porosity and permeability.

Both limestones are shown on the geologic map of the Tombstone mining

district in order to illustrate the local structure,

Numerous fissures and faults in the Bisbee Formation in the

mining district are accompanied by strong zones of shattering in the

"Novaculite" and elastic rocks and are accompanied by more definite

and cleaner breaks in the limestones, These shattered zones give the

Bisbee Formation elastics relatively large porosity and permeability

compared with the Paleozoic carbonates.

The chief geohydrologic significance of the Bisbee Formation

is that the elastic and silicified rocks constitute the best and most wide-

spread consolidated-rock aquifer in the Tombstone mining district,

Volcanic Rocks

The volcanic rocks comprise two generalized geologic forma-

tions: Cretaceous-Tertiary volcanics and Tertiary-Quaternary volcanics,

The Cretaceous Tertiary volcanics crop out along the San Pedro

River southwest of the Tombstone Hills, These volcanics are composed

of andesite and quartz latite and have been intruded and broken by later

rocks. The upper quartz latite member contains beds of fine-grained,

water-deposited tuff and, therefore, may have thin zones of moderately
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large permeability. The total thickness of this flow complex is esti-

mated to be about 6, 000 feet,

The Tertiary-Quaternary volcanics crop out in the area of

Stockton Hill between the Tombstone Hills and the southern part of the

Dragoon Mountains, Three small outcrops are isolated in the valley

alluvium northeast of Tombstone, These volcanics are composed pre-

dominantly of beds of latite tuff and rhyolite tuff and flows of hornblende

andesite. A small plug-shaped mass of olivine basalt is exposed in the

valley alluvium about three-quarters of a mile northeast of Tombstone,

The basal member of the volcanics in the neighborhood of Stockton Hill

contains considerable amounts of interbedded, coarse sediment and

water-deposited tuff. These beds apparently yield small quantities of

water to deep wells started in valley alluvium,

The chief geohydrologic significance of the volcanic rocks is

that they transmit recharge to the deeper reservoir in the alluvium, and

they supplied most of the detrital material forming the alluvium in the

valley northeast of Tombstone,

Alluvium

The alluvium includes Tertiary sediments, Gila Conglomerate,

and Tertiary-Quaternary alluvium underlying the valleys and flanking

the mountains. Alluvium in the northeastern corner of the Tombstone

mining district is composed largely of coarse sand and gravel and in



27

many locations is cemented with caliche to depths as much as 90 feet0

The alluvium apparently thickens gradually north of Tombstone but

thickens very rapidly to the northeast and east of town, The upper 30

to 90 feet of gravel is composed predominantly of limestone pebbles

and cobbles derived from the Paleozoic carbonates and cemented with

caliche. Below this layer is unconsolidated to moderately well indurated

gravel composed of pebbles derived from the shale and sandstone in the

Bisbee Formation. This gravel layer has a thickness between 45 and

120 feet, The gravel layer overlying bedrock is unconsolidated to

weakly cemented and has a maximum known thickness of 300 feet. This

lowermost layer is composed predominantly of a mixture of gravel and

sand derived from the Bisbee Formation and from quartz latite volcanics.

In the northeast corner of the mining district, the gravel overlies sand-

stone and shale in the Bisbee Formation.

A well drilled about a mile east of the center of town encountered

the water table in the alluvium at a depth of about 455 feet0 However,

this well caved before it could be pumped to determine the water-bearing

properties of the local alluvium.

In general, the alluvium increases in thickness toward the San

Pedro River and becomes finer grained and better sorted at greater

depths. Lenses of very fine grained material, extending outward from

the center of the San Pedro Valley, interfinger with the coarser valley

alluvium at depth between Tombstone and St. David and cause the ground
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water to occur in water-table and artesian zones.

The chief geohydrologic significance of the alluvium is that it

constitutes the largest volume of ground-water storage adjacent to the

Tombstone mining district.

Geologic Structure and Hydrologic Relations

The geologic structure and principal water-bearing zones in

the Tombstone mining district are shown on the fence diagram (p1. rn).

The geologic structure in the Tombstone mining district may be sub-

divided into four principal elements: (1) Tombstone syncline, (2)

Schieffelin dome, (3) Ajax Hill horst, and (4) alluvial basin0

Tombstone Syncline

The central part of the Tombstone mining district lies in a

broad, asymmetric synclinal basin that plunges to the southeast, Three

minor folds occur on its northeast limb having a general trend of N0 400

to 500 W. The minor folds bring Paleozoic carbonate rocks to the sur-

face, The thickest section of downwarped Bisbee Formation is located

along the axial plane of the syncline south of the Pump Shaft of the Con-

tention mine, Because of the presence of this thick section of elastic

rocks, the syncline probably contains the largest volume of water

stored within the mine rocks. The elastic rocks thicken to the east-

southeast, providing increasingly greater storage volume, as the



synclinal basin plunges deeper in this direction.

The synclinal basin is traversed by no fewer than eight major

fissures that trend approximately N. 450 E. and have steep southeast

dips. Numerous minor fissures are en echelon along the same trend0

Another set of fissures trends generally N. 12° J. and dips steeply

west, parallel with the granodiorite dikes0 The dikes are apparently

genetically related to fissures and minor faults along this same trend0

These two sets of fissures have been widened by solution action above

the water table 4and for some distance below the water table and may

locally impart a strong preferred orientation to the permeability of the

mine rocks.

The synclinal basin is broken by a set of normal faults along a

trend of N. 100 to 15° . and by a minor set of normal faults approxi-

mately at right angles to this direction, In the eastern part of the dis-

trict the north-trending Tranquility-Contention fault zone has a dis-

placement dropping the rocks down to the east as much as 500 feet0

These faults apparently are relatively open channeiways for water cir-

culation at depths greater than 400 feet below the water table.

Schieffelin Dome

The Tombstone syncline is bounded on the west by the Schief-

felin dome, a stocklike intrusion of granodiorite that plunges below the

Tombstone syncline at an angle of about 600, The surface contact

29
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between the mine rocks and the granodiorite trends nearly north-south

along most of the western boundary of the synclinal basin. The Schief-

felin dome acts as a barrier to ground-water circulation west of the

Tombstone syncline.

Ajax Hill Horst

The Tombstone syncline is bounded on the south by the Ajax

Hill horst and separated from the horst by the Prompter fault, The

Prompter fault is a steep reverse fault that dips about 60° to 80° S.

and has a maximum stratigraphic displacement of about 4,000 feet

which decreases toward the east, In the neighborhood of the Emerald

mine, the Paleozoic carbonate rocks and underlying Bolsa Quartzite

dip 500 to 600 E,, and dips decrease into a broad syncline farther east,

The Prompter fault and associated branch faults uplift relatively im-

permeable Precambrian albite granite into a position in line with the

contact between the mine rocks in the Tombstone syncline and the

Schieffelin granodiorite, continuing this impermeable boundary to the

south.

Alluvial Basin

The Tombstone syncline is bounded on the north and northeast

by the alluvial basin adjacent to Tombstone. Water occurs in the alluvial

gravels at a distance of only 1, 500 feet east of the northeast corner of
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the Tombstone mining district, Water occurs in the alluvial basin close

enough to the mining district to constitute an important source of re-

charge to the mine rocks during heavy pumping operations in the mines0

Ground-Water Occurrence and Movement

As a result of differences in lithology and structure, ground

water has essentially two principal modes of occurrence in the Tomb-

stone regionpore water in alluvium and fissure water in consolidated

rock. The alluvial reservoir, composed of detrital sediments in the

valleys, contains water in the pore space between the individual grains

of gravel, sand, and silt. In the valley north of Tombstone the alluvial

reservoir is encountered at depths from 300 to 400 feet and may exceed

500 feet in thickness. Locally, along the desert washes, water also

occurs in recent stream deposits at very shallow depths where these

deposits are underlain by less permeable alluvium or impermeable bed-

rock.

The consolidated-rock reservoir, composed of water-bearing

crystalline rocks in the foothills and mountains, contains water in minute

fractures, in larger fissures, and in solution openings in regions where

metamorphism and structural deformation have developed large secondary

porosity. Within the Tombstone mining district the consolidated-rock

reservoir is encountered in all but the western part of the district at

depths from 400 to 600 feet. The larger part of the yield from this
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reservoir probably is produced from the top 300 feet of saturated thick-

ness, inasmuch as fissures diminish in size and spacing with depth.

In the Tombstone area the alluvial reservoir and the consoli-

dated-rock reservoir are intimately interconnected and are encountered

under the same water table. For this reason, they might be considered

as regional variants of a single reservoir in spite of the difference in

mode of water occurrence. Changes in the natural conditions in the

consolidated-rock reservoir will ultimately effect changes in the natural

conditions in the alluvial reservoir.

Water enters the ground-water reservoir through highly frac-

tured zones in the bedrock of the mountains and through more permeable

alluvium underlying the washes in the valley. Water in the ground-water

reservoir moves slowly downgradient away from the mountain front to-

ward the San Pedro River and Whitewater Draw. The direction of flow

is at right angles to the water-table contours shown on plate L Heavy

pumping could reverse parts of the natural direction of flow.

Geohydrologic Regions

The Tombstone mining district may be subdivided into four

generalized geohydrologic regions based upon the relative adequacy of

the aquifers involved, their thickness, and their structural setting (fig.

2).

Region 1, the region of greatest yield and least drawdown,
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contains the valley alluvium underlain by the Bisbee Formation north

and northeast of the Tombstone syncline. Region 2, the region of next

highest yield but greater drawdown, contains the thicker parts of the

Bisbee Formation clastic rocks in the eastern part of the Tombstone

syncline and areas adjacent to the valley. Region 3, the region of low-

est yield and greatest drawdown within the mining district, contains

predominantly carbonate rocks adjacent to the impermeable Schieffelin

dome and predominantly carbonate rocks within the Ajax Hill horsL

Region 4, the region that has very little if any ground water, contains

the impermeable Schieffelin dome west of the Tombstone syncline and

the impermeable albite granite in the western part of the Ajax Hill

horst.



CHAPTER ifi
HISTORY OF WATER DEVELOPMENT AND

PROBLEMS ENCOUNTERED

Periods of Development

Water development in the Tombstone mining district has dealt

with dewatering to allow deep mining2 with empirical test pumping to

estimate dewatering problems, and with furnishing water for milling

operations. There has been only minor development to provide water

for municipal use.

During the period of 1881-91, several mining companies at-

tempted separate dewatering operations and pumped sufficient water to

supply their small local mills. For a period of about 20 months, a co-

operative dewatering operation was undertaken by two companies own-

ing the largest pumping plants in the district. The largest scale de-

watering operations in the history of the district were conducted con-

tinuously during the 8-year period of 1903-11 under centralized manage-

ment Many serious water problems were encountered. During the

period of 1911-54, water levels that had been lowered by pumping dur-

ing the previous period returned to their natural elevations. Small

local water development was conducted to test the aquifer response and
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to furnish water for milling. During 1954 and 1955, intermittent pump-

ing was conducted for 15 months in order to test the aquifer response

once again and to permit dry working conditions for underground dia-

mond drilling. Since 1948 the city of Tombstone has pumped relatively

small quantities of water to supplement the normal municipal supply.

Period 1881-91

Development

The first discovery of water was made in the Suiphuret Shaft

in March 1881 at an elevation of about 4, 110 feet. This discovery oc-

curred about 2 years after the beginning of active mining development

and ironically at least 7 months prior to the completion of the Huachuca

Water Co. pipeline built to supply the new mining camp with municipal

water. In October 1881 a small zone of perched water was discovered

near the southeast edge of town at about 4, 360 feet elevations In April

1882 the Grand Central Shaft, in the southeast part of the central mining

district, encountered the water level at about the same elevation as water

in the Suiphuret Shaft. The Contention Shaft and the Head Center Shaft,

500 feet northeast of the Contention, encountered the water level in the

winter of 1882 The Emerald Shaft, south of the central mining district,

encountered water in 1888 at an elevation of about 4, 090 feet, following

the first active pumping in the district.
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In order to extend mining operations below water level, the

Grand Central and Contention Companies installed pumping equipment

during 1883 The Grand Central Co0 installed a line of direct-acting

steam pumps having about 500, 000 gpd (gallons per day) combined ca-

pacity0 Because these pumps proved inadequate to lower the water to a

significantly greater depth, the Grand Central Co0 also installed a double

line of 14-inch Cornish pumps having about 1, 500, 000 gpd combined Ca-

pacity0 At the same time the Contention Co0 installed a double line of

12-inch Cornish pumps of about 1, 000, 000 gpd combined capacity0 With

a total effective pumping capacity of 1, 665 gpm (gallons per minute)

from the two Cornish plants, the two companies were able to lower the

water about 100 to 130 feet in their workings during a period of approxi-.

mately 20 months between May 1884 and May 1886

Minor local pumping was conducted in other parts of the district

during the latter part of the period0 In April 1883 the West Side work-

ings, in the northern part of the central mining district, were only 263

feet deep, but by April 1886 water had been encountered at about 4, 116

feet elevation, and an average of about 153 gpm with 11 feet of drawdown

for 6 months was being pumped to supply the Girard milL In 1890 water

was encountered in a winze at the bottom of the Lucky Cuss workings at

about 4, 110 feet elevation and the following year was lowered about 100

feet using a pneumatic pump and, iron bail.



Problems Encountered

Problems not directly connected with the mechanics of dewater-

ing had a significant effect upon the success of the first dewatering opera-

tion during the period from 1884-86. Many delays and sporadic inde-

pendent efforts resulted from disputes between the various companies

over the equitable distribution of pumping loads during cooperative de-

watering0 The major dewatering effort ended when the Grand Central

pumping and hoist house burned on May 12, 1886, followed shortly by

the burning of the Contention workings0

The experiences of the first period of dewatering indicated that

a modern pumping plant of larger capacity, placed under centralized

management, would be necessary to insure successful mining at depth0

Period 1901-Il

Development

Following the silver depression in the 1890s, the Tombstone

Consolidated Mines Co. began operations in the district in 1901, with

an initial capital investment of $10, 000, 000 including mine property

holdings that had produced 97 percent of the previous ore production.

Development was to be continued below water level under unified man-

agement and aided by a centralized pumping plant. This plant was to be

designed to dewater the 1, 000-foot level by accomplishing 430 feet of
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drawdown in a new shaft (herein referred to as the Pump Shaft) to be

sunk close to the old Contention Shaft. The 1884-86 pumping records

were available to the new companys engineers, and an estimate of the

necessary capacity of the new pumping plant was based upon these rec-

ords. The engineers estimated that a slight increase in pumping ca-

pacity would be more than sufficient to dewater the 1, 000-foot level in

rocks believed to be less fractured where the new Pump Shaft was to be

placed compared to the rocks at the old pump shaft.

Pumping and shaft sinking below water level began in December

1902, and apparently the company planned to reach the 1, 000-foot level

in less than 2 years. The Pump Shaft reached the 1, 000-foot level 4

years later in mid-December 1906, after innumerable delays, only one

major pumping accident, and considerable augmentation of the pumping

capacity.

Accidents to the steam power supply caused the submergence

of the valuable pumping equipment on the 1, 000-foot level on June 1,

1909, and efforts to regain the 1, 000-foot level over a 15-month period

absorbed nearly the entire financial and physical resources of the com-

pany. Expensive duplication of the pumping equipment and meager ore

production led to the termination of pumping on January 19, 1911, and

to the companys bankruptcy on August 10, 1911.

The Pump Shaft produced 36, 900 acre-feet over the 8-year

period, averaging 2,830 gpm. A maximum of 5,200 gpm for a 24-hour
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period with about 440 feet of drawdown was produced during crosscutting

operations on the 1, 000-foot level0 Water levels were lowered more

than 300 feet at a distance of about a mile from the Pump Shaft0

The pumping plant consisted principally of Prescott and Dow

direct-acting, duplex steam pumps placed on the 600-, 700-, 800-, and

1, 000-foot levels. In addition, both the 800- and 1, 000-foot level pump-

ing stations contained two Prescott cross-compound Corliss, crank and

flywheel pumps with 12-foot diameter, 110 5 ton flywheels0 All pumps

were powered from the surface by a battery of 200 horsepower marine

boilers and were supplied by 800 gpm Prescott sinking pumps0

Problems Encountered

The company encountered three primary sources of trouble,

which inhibited exploration below water level and slowed shaft sinking

operations0 Two sources of trouble were a direct result of insufficient

pumping capacity, and a third was a direct result of power-supply fail-

ures. First, the volumetric rate of flow was approximately proportional

to the drawdown, Second, excessive rates of flow, in addition to the

water pumped from the shaft, were encountered while drifting and

crosscutting away from the shaft below water level. Third, with pumps

placed below static water level to maintain suction lift, the pumping

plant was in constant danger of submergence in the event of a power-

supply failure. Secondary sources of trouble were a result of
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recirculation of mill leaching water and problems in wet-shaft sinking0

Discharge proportional to drawdown

In thick extensive aquifers the volumetric rate of pumping is

proportional to the drawdown (Q o s). In the early 1900s, knowledge

of this relationship was known only by the few scientists and engineers

who were then pioneering the physics of flow through porous media. Ac-

cording to this relationship, if a discharge or volumetric rate of pump-

ing of 1, 000 gpm will result in a drawdown of the water level of 100

feet, it will be necessary to have a discharge of 4, 300 gpm to accom-

plish a drawdown of 430 feet in the same aquifer. Records for the 1901-

11 development period indicate that the Tombstone aquifer complex is

thick and extensive and that this relationship can be applied. For this

reason the original design capacity of the new pumping plant of 1, 700

gpm was discovered to be inadequate to accomplish 430 feet of draw-

down in the same aquifer where a similar capacity had achieved 130

feet of drawdown in 1886. It was necessary for the Tombstone Con-

solidated Mines Co. to purchase additional pumps as the shaft was

deepened.

Largely as a result of serious accidents to the boiler plant,

the company ended operations in 1911, and at this time they had five

times the capacity originally planned for normal operations and 2-1/2

times the capacity originally planned for emergencies using a double



line of pumps. Table I contains an itemized list of initial and final

equipment0

Water from development

The company instituted a policy of running drifts and crosscuts

out into the cone of depression at the same time they were sinking the

shaft,, The intent of this policy was to drain the mining district regional-

ly as rapidly as possible as well as to explore for ore. The water pro-

duced from the drifts, in addition to the water pumped from the shaft

as it was deepened, placed a strain upon the capacity of the pumping

plant and forced the management to halt operations for several months

at a time. Many months were lost awaiting the delivery of additional

pumps. Table II shows that various phases of the dewatering operation

were delayed a total of about 26-1/2 months because of insufficient

pumping capacity on hand to remove the water yield augmented by de-

velopment operations0 Mining operations and ore exploration were con-

tinued on levels above the level where the heavy flows were encountered.

Power - supply failure

Significant components of the pumping plant were submerged

and put out of commission three separate times as a direct result of

malfunctions in the steam boiler plant. In addition, the sinking pumps

were submerged once, and there were two separate delays totaling about
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Initial Equipment as Planned:

2

2

4

4

Final Equipment on Hand:

2 15-, 23-, and 39X13X24-
inch Prescott triple-ex-
pansion, direct-acting
duplex station pump with
1, 700 gpm capacity.
"13-inch pump."

TABLE I
PUMPING EQUIPMENT FOR THE YEARS 1901-11

15-, 23-, and 39X13X24-
inch Prescott triple-ex-
pansion, direct-acting
duplex station pump with
1, 700 gpm capacity.
"13-inch pump0"

9-1/4-inch Prescott
direct- acting, duplex
station pump with 850
gpm capacity.
"9-1/4-inch pump."

14X8X12-inch Prescott
duplex movable sinking
pump with 800 gpm ca-
pacity.

200 hp. marine boilers,
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One to be placed on 600-
foot level to pump to
surface.
One to pump from 1, 000-
foot level to 600-foot
level.

Both to be placed on
1, 000-foot level pump-
ing to surface.

To supply the station
pumps and to be lowered
in pairs.

In the boiler house on the
surface to supply steam
to all pumps.

One on 600-foot level
pumping to surface.
One on 1, 000-foot level
pumping to 600-foot
level,

No. of items Description Disposition



TABLE IContinued

Both pumps placed on
700-foot level pumping
to surface0

One on 700-foot level
pumping to 600-foot
level0
One on 1, 000-foot level
pumping to 700-foot
level.

Placed on 800-foot level
pumping to 600-foot level
or 700-foot level as
needed0

Both pumps placed on
1, 000-foot level pumping
to surface.

Both placed on 800-foot
level pumping to surface.

8 used to supply the station
pumps on 800-foot level
while recovering 8 others
near the 1, 000-foot level4
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2 9-1/4-inch Prescott
direct- acting, duplex
station pump with 850
gpm capacity.
"9-1/4-inch pump.??

2 10- and 16X10-1/2X
12-inch Dow direct-
acting, duplex station
pump with 700 gpm ca-
pacity.

1 11-1/2-, 18-, and 30X
14X24-inch Prescott
duplex station pump of
"Messabe" low-lift type
with 1, 750 gpm capacity0

2 22- and 42X6-1/2X36.-
inch Prescott cross-
compound Corliss crank
and flywheel station
pump with 1, 200 gpm
capacity0

2 22- and 42X7X36-inch
Prescott cross-com-
pound Corliss crank and
flywheel station pump
with 1, 200 gpm capacity0

16 14X8X12-inch Prescott
duplex movable sinking
pumps with 800 gpm ca-
pacity.

No. of items Description Disposition



8+ 200 hp. marine boilers.

2 Small boilers0

1 Sterling boiler.

Norberg Corliss cross- Used to power two sink-
compound, condensing ing pumps0
air compressor with
4,000 cu ft/mm capacity.

1 Kennecott heater0

1 Kennecott water purifier.

TABLE IContinued
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No. of items Description Disposition



June 1905 800-foot level west
drift in lower elastic
unit of Bisbee For-
mation0

Sept. 1907 1, 000-foot level west
drift in massive lime-
stone unit of Epitaph
Dolomite.

Aug0 1908 1, 000-foot level east
drift passed from
massive limestone
unit of Epitaph Dol-
omite into lower
elastic unit of
Bisbee Formation0

TABLE II
WATER FROM DEVELOPMENT

Apr0 1904 (1) 700-foot level east
drainage crosscut to
the Contention fault;
elastic members of
Bisbee Formation0

700-foot level
west drift cut the
Contention dike;
fractured and altered
porphyry.

Shaft sunk into
lower elastic unit of
Bisbee Formation.
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Discharge Operational Length of
Date Source increase phase halted delay

(gpm) (months)

July 1904 700-foot level west 430, after Drifting about
drift cut the Blue 3 months 3

Limestone Member of drifting
of Bisbee Formation.

630, avg. Sinking 4, 5
for one
month

600, avg. Drifting 2

for one
month

about 1, 000, Drifting 8

after 7
months of
drifting

900, avg. Drifting about
for one 2
month



Date Source

Feb0 1909 (1) 1, 000-foot level
east drift in lower
clastic unit of Bisbee
Formation.
(2) 1, 000-foot level
west drift in mas-
sive limestone unit
of Epitaph Dolomite0

Oct. 1910 1, 000-foot level west
drift in massive
limestone unit of
Epitaph Dolomite
on west side of Con-
tention dike0

TABLE Continued

Discharge
increase

(gpm)

about
1,000,
after 4
months of
drifting

Operational
phase halted

Drifting

about 650, Drifting
after 1/2
month of
drifting
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Length of
delay

(months)

3

4
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2 weeks as a direct result of fuel shortages0

On January 1, 1906, a series of accidents in the boiler plant

reduced the steam pressure to the pumps and caused submergence of

the 800-foot level Prescott "Messabe" station pump and the sinking

pumps0 Three new boilers and two new sinking pumps were purchased,

and another Dow station pump was added to the 700-foot level0 After an

8-month delay, the company regained the level prior to the accident and

sinking was resumed0

In the early morning of June 1, 1909, water in the petroleum

fuel line to the boiler plant reduced the steam pressure0 The principal

pumping station on the 1, 000-foot level, containing four station pumps,

was submerged. Following the purchase of two additional station pumps,

two new sinking pumps, and an air compressor, the 1, 000-foot level was

partly dewatered on May 3, 1910, when six boilers failed and eight sink-

ing pumps were submerged0 After a total delay of 15 months and addi-

tional purchases of eight new sinking pumps, the 1, 000-foot level was

regained and development resumed0

A washout on the railroad eliminated fuel deliveries for a week

in March 1905, and the water level recovered to the 700-foot level sta-

tion pumps0 Sinking pumps on hand were successful in lowering the

water back to the 800-foot level0

Additional fuel oil storage facilities were constructed in August

1905 to provide 104, 000 gallons capacity0 This additional storage helped
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to avoid another submergence of the 1, 000-foot level during a delay in

fuel delivery in February 1907.

Secondary problems

Secondary problems were principally connected with water re-

circulation and wet-shaft sinking.

Leaching waters from the cyanide mill accumulated in an old

stope on the 100-foot level of the Toughnut mine during a period of 1-1/2

months, In early April 1906, this storage burst through the bulkheads,

temporarily flooding the 100-foot level0 Additional water disposal fa-

cilities were constructed.

During shaft sinking, cascades of water commonly fell to the

bottom of the shaft from drifts on the levels above. Electric lights were

used in place of torches, and the dynamite fuses had to be ignited with

an electric arc, Water pressures were extremely high in the bottom of

the shaft, and as a result the charges had to be wedged into the drill

holes. Sinking above water level progressed at about 30 feet per week

compared to 10 to 12 feet per week below water level.

Summary and conclusions

The history of problems encountered during the 1901-11 period

indicates that the most costly and time-consuming problems resulted

from a combination of:
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Insufficient initial pumping capacity to dewater the 1, 000-

foot level.

Insufficient reserve pumping capacity to remove additional

water yield derived from development operations.

Accidents to the boiler plant resulting in the submergence

of the suction-lift pumps.

In addition to the mining economics, several hydrologic factors

may account for the failure of the Tombstone Consolidated Mines Co.

operation,, In the early 19001s geohydrology was in its infancy, and dis-

semination of knowledge was limited to a small scientific community.

Very little was known at the time about the complexity of mine-dewater-

ing problems, and it was standard practice to adopt empirical solutions

as operations progressed. The deep-well turbine pump was not avail-

able, and it was necessary to use suction-lift pumps, which must be

placed within 20 feet of the pumping water level. The boiler plant was

dependent upon regular delivery of high-quality fuel oil to an isolated

area. Both interruption of delivery and contamination of fuel resulted

in costly shutdowns and flooding.

Period 1911-54

Development

Between August 1911 and June 1914, the holdings of the Tomb

stone Consolidated Mines Co0 were held in receivership. The equipment
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was maintained and minor lessee work was undertaken0

On June 23, 1914, about 3-1/2 years after water-level recovery

had begun, the Phelps Dodge Corporation obtained these holdings at auc-

tion,, By 1915 the water level in the Pump Shaft had recovered about 90

percent of the original drawdown, On July 15, 1914, Mr. Charles

Legrand, Consulting Engineer, submitted a report to Mr. Walter Douglas

after a reinvestigation of the dewatering operation conducted during the

previous period. At that time Mr0 Legrand estimated that it would cost

approximately $600 per day to dewater the 1, 000-foot level once again

over a 2- to 3-month period and would cost approximately $300 per day

to keep the 1, 000-foot level dewatered using the existing pumps sub-

merged at that time. Superintendent Grebe conducted minor test pump-

ing in July and August 1915, resulting in negligible drawdown. Between

the end of 1915 and April 1918, an average of about 80 gpm was pumped

to supply the cyanide mill. Phelps Dodge restricted its mining effort

to the above-water-level workings0

During the period other companies pumped small quantities of

water to supply their mills and to continue mining a little deeper0

Problems Encountered

Water-level recovery all over the central mining district forced

lessees to shift their operations to workings above the original static

water level.



Period 1954-55

Development

Between December 26, 1953 and April 2, 1955, the Newmont

Mining Corp., leasing property from the Tombstone Development Co.,

pumped the West Side Shaft in order to dewater the 600-foot level, to

provide water for diamond drilling, and to test the aquifer. The West

Side Shaft produced 472 acre-feet of water over the 15-month period,

averaging 505 gpm for the first 6 months and 41 gpm for the remaining

9 months0 Pumping reached a maximum average discharge of 803 gpm

for a 20-day period. The water level was lowered about 35 feet in the

West Side Shaft and was lowered about 13 feet at an observation point

a third of a mile away.

Two electric pumps were placed at water level on the 600-foot

level station. A Demming deep-well turbine pump was placed in the

manway compartment and was coupled in tandem with a Byron-Jackson

centrifugal station pump, both pumping to the surface through a 3inch

discharge line0 These two pumps were assisted during the first month

of operation by two small centrifugal station pumps.

Problems Encountered

Infrequent electrical power failures and motor failures put the

pumps out of commission for several hours at a time0 Wood pulp and

52
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debris from the flooded workings continually clogged the pump-intake

screens, resulting in loss of pumping head efficiency0 As all pumps

were situated above static water level, breakdowns did not endanger

the pumping plant.

Period 1948 to Present

Development

In May 1948 the city of Tombstone completed a 700-foot deep

well on the south side of town to be used to augment the municipal water

supply during periods of low flow from the Huachuca waterline bringing

water from springs in Miller Canyon0 Intermittent pumping of 260 gpm

usually occurs during daytime hours of peak demand in the summer and

early fall0 The city is presently using a 60 horsepower Byron-Jackson

submersible pump0

Problems Encountered

Drilling was extremely difficult in the steeply dipping crystal

line rocks at the site of the well0 A bit was lost in a cavernous zone

close to water level, and it was necessary to dynamite the hole in order

to obtain a new purchase for the bit0 The well was reamed true prior

to installation of the pump0 Since the well water contains 2 to 3 ppm

fluoride, the city has found it necessary to blend this water with nearly



fluoride-free spring water,

Summary and Conclusions

The aquifer complex in the central Tombstone mining district

has been subjected to significant dewatering operations at least three

times. Following each dewatering operation, the aquifer complex has

experienced greater than 90 percent recovery. It is at present being

developed for small municipal supplies. The aquifer complex has been

pumped in at least four different locations. Records indicate that the

discharge has varied from 41 to 5, 200 gpm.

Available records, although incomplete, are sufficient to

analyze the hydrologic behavior of this aquifer complex from several

aspects, emphasizing the value in maintaining accurate hydrologic rec

ords during mining operations.
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CHAPTER IV
QUANTITATIVE DETERMINATION OF AQUIFER

PERFORMANCE

The hydrologic performance of a particular aquifer may be

described and predicted with the aid of mathematical models and two

coefficients_the coefficient of transmissibility, T, and the coefficient

of storage, Swhich are theoretically constant for a particular aquifer0

Under favorable conditions these two coefficients may be determined by

an analysis of pumping-test results. The analysis is based upon a the-

oretical mathematical model which describes an idealized aquifer as

essentially a horizontal, homogeneous stratum of constant thickness

and infinite areal extent, bounded above and below by impervious

layers, and remaining completely saturated before, during, and after

any tests. In order to obtain valid coefficients, the aquifer tested must

conform to the following assumptions, implicit in the idealized aquifer

of the theoretical mathematical model:

The aquifer is homogeneous and isotropic.

The well completely penetrates the aquifer and is of in-

finite simal diameter.

The coefficient of transmissibility is constant at all places

and at all times0
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The aquifer is bounded by impermeable strata both above

and below

The coefficient of storage is constant and water is released

instantaneously from storage with a decline in head0

Flow to the well is laminar and radial or uni-dimensional

in section view0

The aquifer is of infinite areal extent0

Geological evidence indicates that the Tombstone aquifer com-

plex and tests performed upon it have significant departures from the

seven assumptions in the mathematical model:

The aquifer complex is composed of heterogeneous mate-

rials, and the fissure pattern locally varies both vertically and lateral-

ly0

The pumped shafts apparently penetrated the most impor-

tant part of the aquifer, but their diameters are one to two magnitudes

larger than normal wells0 As a result of drifting and crosscutting, the

diameter of the Pump Shaft, 1903-11, varied by an amount greater than

one magnitude during water withdrawal0

The coefficient of transmissibility apparently varies with

place and time as a result of changes in aquifer thickness with regional

changes in structure and with dewatering in the neighborhood of the

pumped shaft0

The aquifer complex is essentially under water-table
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conditions without an impermeable upper boundary and does not remain

completely saturated during pumping tests.

The storage coefficient varies regionally with the type of

geologic materials and with the geometry of the fissure and solution pat-

tern. Water is released slowly from minute fractures even with rapid

rates of decline in head,

Flow is definitely turbulent near the pumped well during

heavy pumping conditions, During shaft sinking, flow into the bottom

of the shaft is radial in two dimensions in section view.

The aquifer is finitely bounded on the west by the Schief-

felin Granodiorite intrusion.

In spite of these significant departures of the Tombstone aquifer

complex from the assumptions in the idealized aquifer, the assumptions

may be approximately fulfilled by taking these departures into account

in the treatment of the pump-test results:

Local variations in fissure pattern and materials will have

the greatest affect upon the pumped-well data. Data from observation

wells at a distance, however, will reflect average values of the aquifer

coefficients as the flow between areas of varying properties adjusts to

an integrated pattern.

The pumped well diameter is finite, large, and difficult to

determine0 For observation-well data, where the observation well-

pumped well distance is magnitudes greater than the pumped well
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diameter, the pumped well diameter may be considered infinitesimaL

Observation-well data collected at considerable distance from the pumped

well will be unaffected by partial penetration.

Because of the variable nature of the lithology and fissure

system, it is extremely difficult to determine the effective total aquifer

thickness and thereby permit adjustment for dewatering that would cause

a change in the apparent transmissibility in the neighborhood of the

pumped well. Observation wells removed from the pumped well will

undergo less dewatering and with time will record an integrated re-

sponse of the fissure system to pumping.

Drawdown in observation wells under water-table condi-

tions will approach with time the assumptions in the mathematical

model in spite of the absence of an impermeable upper boundary.

Dewatering of zones of different storage in the neighborhood

of the pumped well will cause apparent variation in the storage coefficient

as determined from pumped well data. In the case of observation wells,

however, regional variations in the storage coefficient will be integrated

with time into the flow pattern to give an average value of storage, and

the cone of depression for water-table conditions will approach with

time the form of the mathematical model0

Flow into deep shafts pumped at rates which do not sig-

nificantly lower the water level will be approximately laminar and radial.

Flow near observation wells far removed from pump shafts will be
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essentially laminar and radial or uni-dimensional.

(7) Impermeable boundaries may be replaced with an image

well system to solve flow problems in finite aquifers.

In summary, the Tombstone aquifer complex may be treated by

standard analytical methods if weight is given to observation-well data

taken from tests of long duration. Data from pumped shafts may be

given consideration if the tests have small drawdown and are of long

duration. Data from pumped shafts tested under conditions of large

drawdown and dewatering may be analyzed to determine the general

magnitude of the aquifer coefficients0 Empirical solutions based upon

past records may give better predictions of long-term pumped well

performance than equations and aquifer coefficients in the case where

not all geohydrologic variables are subject to analysis.

The results of aquifer tests performed at Tombstone are sum-

marized in table Ill. Discrepancies in the coefficients calculated from

the several tests indicated that the Schieffelin Granodiorite boundary is

a very significant geohydrologic variable. Calculations including this

boundary give coefficients that are in better agreement with each other.

The location of the pump shafts, wells, and observation shafts is shown

in figure 3.

Drawdown Testy 1903-11

The Pump Shaft, used to dewater the mines during the period



TABLE ifi
SUMMARY OF RESULTS OF AQUIFER TESTS,

CORRECTED FOR SCHIEFFELIN
GRANODIOR ITE BOUNDARY,

TOMBSTONE

(d) Drawdown test

(r) Recovery test

* Points selected for near steady-flow conditions

** Apparent change in S as cone expands

*** Minor pumping during recovery period
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Pumped well Observation well Date T S Remarks

Pump Shaft
(d)

Emerald Shaft 1903-11 12,000 .0035

Pump Shaft Silver Thread 1903-11 14,000 .003
(d) Shaft

Pump Shaft West Side 1903-11 12,000 .003
(d) Shaft

Pump Shaft
(d)

Pump Shaft 1903-11 12,000 .003 *

Pump Shaft
(r)

Pump Shaft 1911-18 15,000 .01

West Side West Side 1953-54 15,000 .lto **

Shaft (d) Shaft 001

West Side West Side 1954-55 10,000 .2
Shaft (r) Shaft
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igure 3.-- Index map of the Tombstone mining district showing location of the pumped
shafts, wells, and observation shafts, with geologic outline
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of 1903-11, penetrates the lower 900 feet of the Bisbee Formation and

the upper 180 feet of the Epitaph Dolomite (p1. III), The saturated thick-

ness of the Bisbee Formation, the best bedrock aquifer, is 260 feet at

the shaft site. The rocks dip to the east, and immediately east of the

Pump Shaft, a normal fault within the Tranquility-Contention fault zone

drops the Bisbee Formation down to the east increasing the saturated

thickness of this formation to 450 feet, The Schieffelin Granodiorite

boundary is located about 4, 300 feet west of the Pump Shaft. Water

discharged at the Pump Shaft was piped and flumed into Toughnut Gulch

to a point beyond the first exposures of granodiorite,

In response to pumping, water levels declined throughout the

entire mining district with the exception of the Schieffelin dome as il-

lustrated in the hydrograph of the Pump Shaft and observation shafts

(fig. 4).

Figure 5 is a graph of the time-drawdown curves for the

Emerald, Silver Thread, and West Side observation shafts at distances

of 5, 450, 2, 030, and 2, 060 feet, respectively, from the Pump Shaft and

8, 100, 9, 800, and 7, 500 feet, respectively, from the imaginary image

well used to simulate the Schieffelin Granodiorite boundary. Curves

through the plotted points are calculated for the values given in table

Ill. Fair agreement between the plotted points and calculated curves

confirms the Schieffelin Granodiorite boundary as a significant geo-

hydrologic variable in the region.
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Figure 6 is a discharge_drawdow graph for the Pump Shaft.

The specific capacity of the shaft gradually decreases with increasing

drawdown in the Bisbee Formation and has a pronounced decrease with

increasing drawdown in the upper part of the Epitaph Dolomite. The

specific capacity of the shaft in the Bisbee Formation is approximately

10 gpm per foot of drawdown and is approximately I gpm per foot of

drawdowri in the Epitaph Dolomite at a depth greater than 260 feet below

the static water level. Drifts and crosscuts on the 800- and 1, 000-foot

levels increased the discharge of the shaft only slightly for steady-flow

Conditions. ("Steady flow" is herein used in referring to conditions

when drawdown or specific drawdown occurs at a rate proportional to

the logarithm of time and the asymptotic form of the flow equations is

applicable.) During progressive lengthening of the drifts and crosscuts,

however, the Pump Shaft produced much greater discharge than would

be expected under steady-flow conditions. The discharge increase due

to drift and crosscut development on any working level cannot be cor-

related with an increase in drawdown, and therefore it is necessary to

be highly selective during analysis in choosing data that do not contain

development discharge increases.

Figure 7 is a time-drawdown curve for the Pump Shaft sum-

marizing its water-production history. The graph contains all points

computed from the original data. From these points, 18 points have

been selected as representative of near steady-flow conditions unaffected
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by development discharge increases, The dashed curve is calculated

for the values given in table IlL The solid curve is an empirical log-

log curve that closely approximates the steady-flow points. Most of

the points above the curves are affected by discharge increases due to

crosscut development in the Bisbee Formation or by water-level re-

covery during pumping-plant breakdowns. Most of the points below the

curves represent excessive drawdowns during the period when the water

level was below the top of the Epitaph Dolomite, The steady-flow points

are undoubtedly affected by dewatering and turbulence at the Pump Shaft,

but the dashed curve calculated from coefficients derived from observa-

tion-well data comes close to the previously determined steady-flow

points0

Recovery Test, 1911-18

Figure 8 is a time-water-level-recovery curve for the Pump

Shaft, beginning 41 months after the beginning of water-level recovery.

The calculated coefficients, although larger, are of the same order of

magnitude as the coefficients calculated for the drawdown test, Meager

data from observation shafts, insufficient for analysis, indicate that the

cone of depression filled-in from the east, further confirming the im-

permeable nature of the Schieffelin Granodiorite.
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Drawdown Test, 1953-54

The West Side Shaft, used to dewater the 600-foot level of the

West Side mine during the period 1953-55, penetrates the lower 600

feet of the Bisbee Formation and the upper 50 feet of the Epitaph Dolo-

mite (,pl. III). The saturated thickness of the Bisbee Formation is about

160 feet at the shaft site. The rocks are folded into a northwest-trend-

ing anticline at the shaft site. The axis of the anticline is horizontal,

and the northeast limb, above water level, has been thrust up to the

southwest. The Schieffelin Granodiorite boundary is located about 3, 000

feet to the west of the West Side Shaft. Water discharged at the shaft

was piped into Toughnut Gulch at a point beyond the first exposures of

granodiorite.

In response to moderate pumping, water levels declined

throughout the mining district as illustrated in the hydrograph of the

West Side Shaft and Sulphuret winze (fig. 9).

Figure 10 is a time-drawdown curve for the West Side Shaft.

The dashed curves through the plotted points are calculated f or the

values given in table III. The distribution of computed points caimot be

explained by any one set of coefficients, and it would appear that the

storage coefficient decreased as the cone of depression expanded. This

decrease in storage might be attributed to dewatering of drifts and

stopes between the 600- and 700-foot levels to the east and possibly to

70



DECEMBER
5 10 15 20 25

JANUARY
5 10 15 20 25

FEBRUARY
5 10 15 20 25

MARCH
5 10 IS 20 25

APRIL
5 10 15 20 25

MAY
5 10 15 20 25

JUNE
5 10 5 20 25

JULY
5 10 15 20 25

AUGUST
5 10 13 20 25

SEPTEMBER
5 10 15 20 25

OCTOBER
5 10 15 20 23

NOVEMBER
5 ¶0 15 20 25

OECEM B ER
5 10 IS 20 25

JANUARY

FIGURE 9.-- HYDROGRAPH OF DRAWDOWN AND RECOVERY IN THE WST SIDE SHAFT AND OBSERVATION WINZE IN RESPONSE TO PUMPING THE WEST SIDE SHAFT.

FEBRUARY MARCH
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dewatering of the highly solutioned zone coincident with the static water

table. The dashed calculated curves do not allow for the effect of addi-

tional storage in flooded drifts and stopes. The solid curve is an

empirical log-log curve that closely approximates the computed points.

Recovery Test, 1954-55

Figure 11 is a time-recovery curve for the West Side Shaft,

beginning about 11 days after the beginning of water-level recovery.

The calculated coefficients are of the same order of magnitude as those

calculated for the drawdown test. The recovery data are less reliable

than the data used in previous tests, due to minor pumping up to an

average of 102 gpm for any one month during the recovery period.

Empirical Log- Log Approximations

Time-drawdown points computed from the pumped shaft data

conform very closely to a straight-line plot using log-log coordinates.

The contention that a log-log plot of semi-log data may be extended with

time in order to predict the performance of the pumped shafts is sup-

ported by the regional geohydrologic setting for the following reasons:

The cone of depression will continue to deepen and expand

using up ground-water storage until it intercepts a source of water that

will satisfy the discharge of the shaft.

This source must either be rejected recharge or natural
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discharge.

Within the Tombstone region there are apparently no sig-

nificant areas of rejected recharge since the amount of recharge avail-

able is largely dependent upon the amount of rainfall that can escape

evaporation and transpiration and seep downward to the unusually deep

water table.

The area of natural discharge for the ground-water reser-

voir adjacent to Tombstone is the San Pedro River with numerous phre-

atophytes along the river flood plain.

The Tombstone mining district is partially isolated from

the San Pedro River by the Schieffelin Granodiorite and related intru-

sives0

During the time required for the cone of depression to ex-

pand around the intrusive barrier to the San Pedro River to divert suf-

ficient natural discharge to reach equilibrium, the cone will also be

expanding to the east encountering an increasing number of impermeable

boundaries in the complex bedrock geology

The log-log curves in figures 7 and 10, when extended with

time, will roughly approximate this situation of an increasing number

of impermeable boundaries0

Conclusions

In summary, an average coefficient of transmissibility of
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13, 000 gpd per foot and an average coefficient of storage of 0033 com-

bined with consideration of the Schieffelin Granodiorite as a hydrologic

boundary may be used to predict the aquifer performance at observa-

tion-well sites for periods of continuous heavy pumping up to 4 years

in duration.

An average coefficient of transmissibility of 14, 000 gpd per

foot and an average coefficient of storage of . 05 combined with considera-

tion of the Schieffelin Granodiorite as a hydrologic boundary may be used

to predict the aquifer performance in the pumped shafts for periods of

continuous heavy pumping up to 4 years in duration provided there is

no dewatering below the Bisbee Formation.

For pumping periods longer than 4 years, an empirical log-

log solution may be used to give an approximate prediction of the aquifer

performance.



CHAPTER V
APPRAISAL OF GEOHYDROLOGIC SETTING FOR

WATER DEVELOPMENT

In general, the geohydrologic evidence indicates that the Tomb-

stone mining district may provide a suitable location for long-term,

moderate production of municipal water. With extensive development,

the aquifer complex could support a population several times the pres-

ent size of Tombstone, but this would result in an appreciable draw-

down of the water table. On the other hand, the location is moderately

good as a site for the withdrawal of ground-water storage and dewater-

ing that would necessarily accompany mining below the static water

level.

These tentative conclusions are firmly supported by the geo-

hydrologic evidence. The aquifer coefficients derived from 1954 test

results are larger in magnitude than coefficients derived from 1901-11

test results. The average discharge rate in the 1954 test was about

one-sixth of the discharge rate in the 1901-11 test. Comparison of the

coefficients and pumping rates indicates that an ultimately larger vol-

ume of water is produced from storage under small discharge as com-

pared with large discharge rates0 Small discharge rates for municipal

water use would ultimately produce a larger volume of water than large

77
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discharge rates for mine dewatering0

Ground water withdrawn during dewatering was almost exclu-

sively taken from regional storage0 The storage coefficient of about

0 01, as determined in the aquifer tests, indicates that the storage per

unit volume of rock is limited. By comparison, dewatering of alluvium

will yield 10 to 20 times as much water from storage per unit volume

of rock0 The rocks also have limited transmission properties, as in-

dicated by a relatively small coefficient of transmissibility of about

13, 000 gallons per foot. By comparison, alluvium transmits water

many times as readily as the rocks in the Tombstone mining district.

The relatively small values of transmissibility and storage necessitate

fairly large and rapid declines in water level in response to pumping.

Geohydrologic boundaries in the Tombstone region partly isolate the

aquifer complex from areas of natural discharge and thereby accelerate

the water-level decline. As indicated by specific-capacity data and by

the difference between pump tests conducted at different discharge rates

and amounts of drawdown, the storage coefficient apparently decreases

with increasing drawdown. In addition, because of the considerable

depth to static water level, at least 500 to 600 feet of nonproductive lift

must be added to drawdown in determining the expense of pumping opera-.

tions,

Figure 12 is a specific-capacity program curve for the Pump

Shaft and West Side Shaft giving the change in specific capacity for
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either constant discharge or constant drawdown for a period from I day

to 27.4 years after the beginning of pumping. These curves are based

upon log-log approximations of the data.

The specific capacity of the shafts for any instant of time is

given as the ordinate value. For constant drawdown, the discharge in

gallons per minute may be determined for any instant of time by mul-

tiplying the ordinate value by any selected, constant drawdown in feet.

For constant discharge, the drawdown in feet for any instant in time

may be determined by multiplying the reciprocal of the ordinate value

by any selected, constant discharge in gallons per minute, For con-

stant drawdown, the total volume of water pumped in gallons during any

selected period may be determined by integrating the curve between the

selected times, multiplying the result by a selected, constant drawdown

in feet, and adjusting for consistent time units. The specific-capacity

curves have the following equations:

West Side Shaft: Q/s 66 7 °. 296

Pump Shaft: Q/s 29.4 0 608

Figure 13 is a specific-draWdOWn program curve for the

Emerald Shaft, Silver Thread Shaft, and West Side Shaft in response to

heavy pumping at the Pump Shaft. These curves may be used to program

the water-level decline in the general vicinity of these shafts as a re-

suit of constant discharge at the Pump Shaft.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

Geohydrologic Setting

The principal ground-water sources of the Tombstone re-

gion are in the valley alluvium and the fractured siliceous rocks, par-

ticularly the Bolsa Quartzite and Bisbee Formation.

The greater porosity and permeability in the carbonate

rocks occurs between the water table and 200 to 300 feet below the water

table0

The intrusive rocks and Precambrian metamorphic rocks

act as barriers to ground-water movement. The Schieffelin Granodiorite

and related intrusives along the western margin of the mining district

partly isolate the district from areas of natural discharge along the San

Pedro River. Igneous and metamorphic rocks in a crystalline high

within the Mule and Dragoon Mountains and areas in between apparently

isolate the district from the Sulphur Spring Valley.

During pumping periods1 water is withdrawn from ground-

water storage to the north, south, and east of Tombstone from fractures,

fissures, and solution openings communicating with pore space in the

valley alluvium.
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History of Water Development

Review of the history of water development indicates that the

potential yield of the principal aquifers has been extrapolated out of all

proportion. This exaggeration basically is due to two facts connected

with dewatering operations:

There is a very large but finite amount of water in storage

in the Tombstone region. This finite amount of water may be developed

in a very short period of time with large drawdown and large apparent

yield as in dewatering operations, or it may be produced over a much

longer period of time at moderate drawdown with smaller yield as in

water-supply development adjusted to the capacity of the aquifer0 Large

drawdowns may produce a spectacular amount of water for a short period

of time, but as the saturated thickness is rapidly reduced, the initial

yields decline very rapidly and the life of the water supply is greatly re-

duced0 The Tombstone mining district won its reputation for large

water production during a period of extreme drawdown. The withdraw-

al rates which typified the initial dewatering cannot be maintained over

a longer period of time0

Large amounts of water in addition to what might be ex-

pected from normal municipal well production in the same aquifer were

obtained from storage for a short period of time by crosscut develop-

ment in the Pump Shaft0
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Quantitative Determination of Aquifer Performance

For comparative purposes, the Tombstone aquifer complex

has a local coefficient of transmissibility of the order of 10, 000 to

15, 000 gpd per foot and a coefficient of storage of . 01.

The aquifer performance based upon these ideal coefficients

is strongly modified by boundary conditions and the anisotropy of the fis-

sure and solution-opening system as indicated by pumping tests con-

ducted at different pumping rates.

Future development may be programmed with empirical

equations designed to include the significant variables in the geohydro-

logic setting0

Appraisal of Geohydrologic Setting For Water Development

The geohydrologic evidence indicates that the Tombstone min-

ing district may provide a suitable location for long-term, moderate

production of municipal water0 With extensive development, the aquifer

complex could support a population several times the present size of

Tombstone, but this would result in an appreciable drawdown of the

water table. On the other hand, the location is moderately good as a

site for the withdrawal of ground-water storage and dewatering that

would necessarily accompany mining below the static water level.
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Recommendations for Further Study

Geohydrology of Tombstone Region

A more accurate determination of the hydrologic performance

of the Tombstone aquifer complex was hampered by a lack of knowledge

of the effective aquifer thickness and the zonation of the hydrologic

properties. The effective thickness and zonation of hydrologic prop-

erties were inferred from pump-test results but could not be accurate-

ly determined in order to adjust the values of transmissibility for

changes in aquifer thickness as a result of excessive drawdown0 Very

useful information could be obtained from a deep exploratory well in

which each zone penetrated could be tested individually for its hydro-

logic performance. This information could be used to adjust the co-

efficient of transmissibility for changes in aquifer thickness and to sub-

divide the aquifer complex into principal water-bearing zones.

lEn order to estimate the total amount of water in storage in the

region, a thorough investigation should be made of the nature, thickness,

and configuration of the alluvium in the surrounding valleys. At this

time there are too few wells and well logs available to make a reason-

able estimate of the volume of storage.
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Geohydrology of fractured Crystalline Rocks and Mine Dewatering

Investigations connected with this report have revealed at least
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four areas of research in which significant contributions could be made

to the knowledge of geohydrology.

Apparently very little is known about the interrelationship be-

tween rock deformation and metamorphism and the development of sec-

ondary porosity in rocks of various compositions. Published research

on rock deformation would at least in theory indicate that quite different

fracture systems may be developed in siliceous rocks as opposed to

carbonate rocks, although interbedded and subjected to the same con-

ditions of pressure and temperature. The implications for differences

in ground-water circulation are obvious.

Little is known about fissure and solution networks, their ver-

tical and lateral variations, and the manner in which fluids occur and

move within them, Research on the quantitative interrelationship of

fissures and solution openings and fluid motion would add to our know-

ledge of ground-water hydraulics, ore emplacement, and secondary re-

covery from dolomite petroleum reservoirs.

A wet mine shaft is a unique rock-wall well in which the well

remains dewatered at all times during active mine developmenL Re-

search is needed to quantitatively determine the head losses due to

turbulence in the neighborhood of the well and due to convergent flow at

the bottom of the well0 Quantitative evaluation of the losses would per-

mit analysis of pumped shaft data for determining aquifer coefficients,

The programming of dewatering operations would be greatly
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helped by a nonequilibrium, quantitative analysis and theoretical anal-

ysis of incremental discharge additions due to progressive well develop-

ment as a result of drifting and crosscutting

In general, the hydrology of fractured crystalline rocks, al-

though limited in economic importance to small domestic water sup-

plies, mine dewatering, petroleum-reservoir production, and engineer-

ing construction, is a wide open field for hydrologic research. The

field is difficult, but the benefits to planned environmental control from

constructive research may be very rewarding0
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