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ARSTRACT

Integrated geophysical methods9 in combination with available

well and geologic data, were used for the purpose of defining the sub'

surface hydrologic and geologic conditions beneath the Walnut Gulch

Experimental Watershed and its peripheral area near Tombstone, Arizona.

The 58'.square mile watershed, within the 290"square mile area covered by

portions of this study, was chosen by the U. S. Department of Agricui-

ture for intensive research relating to the water and sediment yields

from a semiarid range land watershed, Surface geology of the watershed

reveals an alluvial fandike area between igneous intrusive and sedimen

tary rocks that support the Tombstone gills o the southwest and the

Dragoon Mountains on the northeast,

An interface between the Cenozoic alluvium and volcanic rocks,

and the igneous intrusive and sedimentary rocks which are noted as the

basement complex, was based on velocity determinations from several seis'

mic refraction profiles, and density determinations of 127 surface sam

pies from 75 sites in 19 different formations, Average values of 2.26

gm/cm3 (grams per cubic centimeter) for the Cenozoic alluvium and vol

canic rocks and 2.65 gm/cm3 for the intrusive igneous and sedimentary

rocks established a density contrast across the interface of 0.39 gm/cm3,

A network of 360 gravity stations established over the watershed

and its peripheral area aided in defining configuration of the basement

complex, provided depth approximations of the alluvium, and controlled

ix



the bearings for subsequent seismic traverses. Magnetic profiles over

deep, alluvium-filled areas and the surrounding exposed bedrock was

postulated to be useful in deducing source areas and depositional pat-

terns within the alluvium.

Structural control of groundwater flow to the northwest was

suggested through a combined study of dominant trends on the gravity

and magnetic maps. A gravity profile north of the watershed across

the largest negative anomaly, with the regional gradient removed, was

interpreted as an alluvium-filled graben having a width of ten miles,

and a depth of 3500 feet east of its center. Toward the southeast,

several parallel gravity profiles indicated a decrease in width and

depth of the structure.

A total of 54 seismic refraction profiles, aggregating a

length of 120,000 feet of in-line seismic profiling, was conducted

in 13 areas, Velocities derived from reversed seismic profiles, and

profiles conducted over outcrops, averaged 2200 feet per second for

channel fill, 5000 feet per second for unconsolidated alluvial depos-

its, 8800 feet per second for conglomerates, and depending on the

particular unit, 12,300 to 15,600 feet per second for basement-type

rocks.

Mapping of the water table in many areas revealed depths from

near zero at the confluence of Walnut Gulch and San Pedro River, to

475 feet in the central portion of the watershed. The accuracy of

predicting the depth to either groundwater or basement was ± 6 per-

cent, while that for groundwater alone was ± 10 percent. Analysis

x
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of the timedistance data, and correlations with surface geology, gray-

ity, and well data provided a basis for the interpretation of the hydro-

geology and recent alluvial history.

Finally, a new application of velocities was used in this study

to analyze a part of the hydrologic cycle. Based on 23 pairs of obser-

vation, a prediction equation was derived through linear regression

analysis of density versus velocity. Using seismic velocities, the

prediction equation, and relationships between density and porosity,

areas of maximum transmission losses within the channel were estimated.



CHAPTER 1

ENTRODUCT ION

The Southwest Watershed Research Center, Agricultural Research

Service, U. S. Department of Agriculture was established to define fu-

ture water yield potential and sediment yield of semiarid range land

watersheds of the Southwest as related to measures for their conserva-

tion and sustained production of forage.

Location

The Walnut Gulch Experimental Watershed is located near Tornb

stone, Arizona. The 58'square mile experimental area is drained by

Walnut Gulch, an ephemeral stream entering the upper San Pedro River

at Fairbank, Arizona. The watershed ranges th elevation from 4000

to 6400 feet above sea level.,

A peripheral area extending out from the watershed one to

eight miles was encompassed in certain phases of this study, and

together with the watershed as shown in Figure 1, is referred to as

the Walnut Gulch Experimental Watershed Extended. The total study

area, approimate1y 290 square miles, and 20.4 miles by l4.2 miles,

extends from the San Pedro River on the west to the Dragoon Mountains

on the east, and from Government Draw on the south to an eastwest

line seven miles north of the City of Tombstone.

1



WALNUT GULCH EXPERIMENTAL WATERSHED
PERIPHERAL AREA

Figure 1. Index Map of the Walnut Gulch Experimental Watershed Extended.
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Previous Work

Geological investigations have been conducted in conjunction

with mining activities in the Tombstone Hills (a portion of which con-

stitutes the southwest part of the watershed) since the latter part of

the 19th Century. Blake (1882), the earliest reference, referred to

the general geology and some local ore occurrences. Church (1903)

applied local stratigraphic names and enlarged upon the general geol-

ogy as a result of further mine developments.

The first comprehensive work, with a regional geologic map,

was published by Jones and Ransome (1920) in a report dealing pri-

marily with the occurrence of manganese ores. A mineralogic and

petrographic study of the Tombstone Mining District was submitted

by Rasor (1937) as a dissertation to The University of Arizona.

Butler, Wilson and Rasor (1938) increased the scope of

Ransome's original work, including a more detailed description

of the geology. Gilluly (1956) concluded this series of notable

investigations in a regional study of the stratigraphy and bedrock

geology in the Tombstone Hills, Dragoon Mountains, and the northern

half of the Mule Mountains.

A geohydrologic analysis of mine dewatering and water develop-

ment was made in the Tombstone Hills by Hollyday (1963),

The Agricultural Research Service has conducted hydrologic

studies on the watershed since 1953. Special studies on the water-

shed of transmission losses, local perched aquifers, elements of the

water balance, and groundwater quality have been published by

3



Agricultural Research Service personnel and others (Keppel and Renard

1963, Renard et al, 1964, Qashu 1966, Wallace and Renard 1967, and

Wallace and Cooper 1968). Quantitative geomorphology studies are

presently being conducted (Libby 1968).

A number of mining companies have been involved throughout

the years in exploration programs on and around the watershed. An

aeromagnetic survey of Tombstone and vicinity by Andreasen, Mitchell

and Tyson (1965) has been released to the U. S. Geological Survey open

file. A portion of the map is included in the present study. A recon-

naissance gravity survey covering 290-square miles and including the

watershed was conducted as a part of the present study (Spangler and

Libby 1968).

Purpose and Scope

Two objectives of the intensive hydrological research by the

Agricultural Research Service are: (1) to determine the interrelation-

ships among such factors as precipitation, infiltration, evapotranspi-

ration, groundwater, runoff, and sediment yield, and (2) to evaluate

the changes in water and sediment yield as a function of various man-

agement and conservation practices (U. S. Department of Agriculture

1967). Once the hydrologic parameters are evaluated, the hydrology

of the watershed can then be treated by the methods of systems analy-

s is.

The goal of the present study was to extend this previous

research to include subsurface hydrologic and geologic conditions,

4
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primarily by seismic methods in combination with available well and sur-

face geologic data. Other geophysical methods and data, such as a grav-

ity survey (Spangler and Libby 1968) and an aeromagnetic map (Andreasen,

et al. 1965) were used to evaluate structural trends, calculate thick-

nesses of alluvium, and estimate basement rock configuration.

Borehole geophysics and the resistivity method were not a part

of the present survey, as they are presently under consideration by

Agricultural Research Service geologists as areas most promising for

further research (Libby 1968, Wallace 1968a).



CHAPTER 2

DATA COLLECTION AND REDUCTION

Geophysical studies on the Walnut ulch Experimental Watershed

were conducted during 1967 and 1968. A density sampling program and a

regional gravity survey were initiated during the mobilization phase

of the seismic refraction program in the spring and early summer of

1967.. Initial seismic studies were begun in July 1967. Following a

winter and spring period of modification in instrumentation, the seis-

mic field work was completed in the summer of 1968.

Density and gravity data collecting were continued outside the

watershed proper in the fall of 1967. Laboratory investigations, re-

ductions, and interpretations were conducted at the Southwest Watershed

Research Center in Tucson, Arizona. The results were published in GROUND

WATER (Spangler and Libby 1968)..

Density and Subsurface Data

An important parameter in conducting geophysical surveys (grav-

ity in particular) is that of density. In those areas where a good

distribution of well cores and/or density logs are available, adequate

estimates of the densities of the different rock types and the overly-

ing alluvium can be made. As this was not the case in the study area,

one of the first objectives was to initiate an extensive surface sam-

pling program..

6
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Samples of common rock types were collected at 58 sites and sam-

ples of the alluvium and its conglomerate units were collected at 17

sites. The sample site areas are shown in Figure 2,

In order to achieve wet bulk density values as suggested by

Grant and West (1965), the consolidated rock samples were subjected to

saturation in the laboratory for at least 24 hours prior to the density

determinations by the volume displacement method0 Wet bulk density

values for the alluvium were determined in the field through a technique

originated by the author and later used and described by Hench (1968)

Shown in Figure 2 are a number of wells and shafts which have

penetrated the common rock types on the westcentral border of the

Walnut Gulch Experimental Watershed (Wallace 1968b). No well, however,

has reached these rocks (noted as basement) in the north-'central areae

According to Wallace (l968a), well 89, the deepest known well, pene-

trated 1180 feet of alluvium and its contained conglomerate units

(Figure 3),

Sample Averages and Ranges

The value of density within a particular formation may vary

through a large range depending on several factors. Therefore, where

feasible, several samples from several sites should be taken. With

minor exceptions this was the plan followed eor this study. A total

of 127 samples were analyzed from 75 sites for 19 different formations.

The range and average values of density, and the number of samples re

shown in Figure 3. The sample site numbers are correlative with Figure
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Figure 3. Surface Sample Density Data of the Walnut Gulch Experimental
Watershed Extended.

9

ROCK TYPE SITE
N

DENSITY*

(gm/cm3)

ALLUVIUM I, 2, 5 -2
I0

CONGLOMERATE UNITS 3, 4, 13-I? 25

BASALT (INTRUSIVE) 51 3

SO. VOLCANICS 46-50, 53, 54
56,63 4

RHYOLITE (INTRUSIVE) 57
2

PRE- SO. VOLCANICS SEDIMENTARY ROCKS 38,58
4

SCHIEFFELIN GRANODIORITE 19, 60
4

-'-
UNCLE SAM PORPHYRY 26, 61 4

BRONCO VOLCANICS 18 I

BISBEE GROUP

CRETACEOUS VOLCANIC ROCKS

34, 35, 39, 42,
43, 45, 59, 62

22, 23
2

GLEESON QUARTZ MONZONITE 20, 22-24, 27
29, 30-32,64

_1
10

ALASKITE MEMBER 21, 52
4

36,40,41
NACO LIMESTONE 72-75

15

ESCABROSA LIMESTONE 44,70,71
3

MARTIN LIMESTONE 65
2

ABRIGO LIMESTONE 33, 37, 67
4

BOLSA QUARTZITE 68
3

ALBITE GRANITE 28, 69
3

-I-
GNEISS GRANITE 25, 55 4

PINAL SCHIST 66
3

* AVERAGE

OF StMPLES
RANGE

. 5 20 25 30



2. References to these results are made in several of the following

sections, and in particular, Chapter 4.

Gravity Data

The gravity data were taken with a Worden Educator gravimeter

loaned from the geophysics laboratory at The University of Arizona.

The gravimeter has a reading accuracy of ± 0,05 milJ.igals.

Four gravity base stations were established and used through-

out the field work and were tied to the airport gravity base station

(Sumner 1965) at Benson, Arizona, 23 miles to the north. The locations

of the gravity base stations are shown in Figure 4. Descriptions and

observed gravity values for the gravity base stations are given in

Appendix A.

A total of 360 stations was observed within the 290-square mile

surveyed area, The individual stations are shown in Figure 4. Station

density averaged 1,2 per square mile. Some areas contained fewer than

one station per three"square miles, whereas other areas contained eight

per square mile, The frequency of sampling depended upon desired de'

tail, identification of station with respect to location and elevation,

accessibility, and time available.

Elevation control was maintained by (I) occupation of bench

marks established by the U. S. Geological Survey, the Army Map Service,

the Arizona Highway Department, and the Agricultural Research Service,

(2) altimeter traverses using two American Paulin model M-1 barometric

altimeters, and (3) estimations from U. S. Geological Survey and Army

10
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Figure 4. Gravity Station and Seismic Profile Location Map of the
Walnut Gulch Experimental Watershed Extended.
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Map Service topographic maps having 1:24,000 scales and contour inter-

vals of from 20 to 40 feet.

Short loops of two to three hours duration were made from a base

station in order to minimize errors. When this was not possible and the

loop was over four hours, earth tide corrections were applied using ta-

bles published by the European Association of Exploration Geophysicists

(1966, 1967).

Simple Bouguer Gravity

The gravity data were reduced through the use of a computer pro-

gram written by Davis (l967b) for an IBM 7072 computer and modified by

Chery (1968). Input for the computer program consisted of station num-

ber, latitude and longitude, elevation, time of reading, instrument

value, base station reading before and after a loop, and base station's

observed value of gravity. Latitude and longitude were determined for

each of the gravity stations to the nearest 0.1 minute from topographic

maps by using an analog to digital converter at the Southwest Watershed

Research Center in Tucson, Arizona, The datum for the final reductions

was sea level.

Output from the computer program was simple Bouguer gravity

values, These values were based on a combined elevation correction

of 0,06 mgal/ft (milligal per foot), which included a Bouguer cor-

rection for an infinite slab of material of density 2.67 gm/cm3 (grams

per cubic centimeter). This density value, commonly used in reducing

gravity data, was verified by the density sampling programs of basement
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rocks on the Walnut Gulch Experimental Watershed Extended which gave an

average value of 2.66 gm/cm3. In addition, Sumner and Schnepfe (1966)

found the density for a similar suite of rocks 24 miles south of Tomb-

stone at Bisbee, Arizona to be fairly uniform and in the range of 2.65

3
to 2.70 gm/cm

Seismic Data

Instrumentation and Field Procedures

Two sets of seismic instruments were used: (1) an Electro-Tech

Porta-Seis Interval Timer loaned by the geophysics laboratory of The

University of Arizona, and (2) a refraction system specially designed

by the Electrical Engineering Department of The University of Arizona

and the Agricultural Research Service.

The first system was portable and provided 12 data traces plus

a shotinstant trace and 100 cps (cycles per second) timing marks on

4" X 5" Polaroid film. Reading accuracy was ± 1.0 msec (millisecond).

Recording time could be adjusted from 200 to 400 msec. Twelve 30 cps

geophones could be attached to either a 600foot cable with takeouts

every 50 feet or an 180Ofoot cable with takeouts every 150 feet.

Transistorized amplifiers coupled to 125 cps galvanometers transferred

the seismic signal from the geophones to the Polaroid film. A 90-volt

blaster with light-cord wire was used to detonate the explosives.

The second system, mounted in a van, used a Century Model 408

Oscillograph, which provided 24 data traces with the shot-instant on

trace 12 or 13. Data traces and 10 and 100 cps timing marks were made
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on Kodak Linagraph #809 paper eight inches wide. Reading accuracy was

± 1.0 msec, Recording time could be as long as desired and set for au-

tomatic or manual, Paper speed could be varied from 0.5 to 125 inches

per second, but was usually run on 15 inches per second, Twelve Geo-

space 7.5 cps geophones were permanently attached to a 1335-foot cable

with takeouts every 110 feet. Two cables were used with 100-foot lead-

ins to the recording van which was located in the middle of the spread.

Neff vacuum tube amplifiers coupled to 100 cps galvanometers were used

during the summer of 1967. Power was provided by a 120 VAC generator

mounted on the front of the van. Prior to the summer of 1968 the sys-

tem was modified to use S.I.E, solid'state amplifiers, with power being

provided by wet cell batteries. A 225 VDC blaster, with coated tele-

phone wire from a mounted power reel, was used to detonate the explo-

5 iv e5.

In1ine seismic profiling was conducted in 13 areas as shown in

Figure 4. Criteria established in choosing the areas were: (1) prior'

ities for the information needed, (2) control from surface geology and/or

well data, (3) a gravity survey, (4) terrain conditions, (5) distribu

tion, (6) capabilities of the equipment, and (7) land permission, For

example, Areas A, B, C, D, and E were conducted in the channel of Walnut

Gulch from the San Pedro River to a point northeast of Tombstone and

were selected primarily on criteria one, two, and four. Areas G and 3

were based on criteria one, two, four, and seven, All the criteria

were used in selecting Areas F, H, K, L, and M, Other areas intended

for study based on criteria one, two, three, and five were not conducted
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based on negative results from criteria four, six, and seven. These

areas were primarily north and east of the central portion of the

watershed.

Three variations of in-line profiling were used in the survey.

A continuous series of reversed profiles with one trace overlaps were

made in the channel and in Area G. Short reversed profiles crossing

approximately at right angles were spaced along the continuous pro-

files permitting closer control on velocity, depth, and dip. Discon-

tinuous profiling was selected for several areas where terrain was

rugged or partially inaccessible, and greater distribution was desired.

The maximum possible length of detector spread was the one most

often used. This was 1800 feet for the 12-channel unit and 2200 feet

for the 24-channel unit. Modifications in the cables allowed a 2300-

foot length for the 24-channel unit in 1968.

Offset distance of the shothole was a function of optimum detail

and depth. Offsets ranged from ten feet in Area A to 2650 feet in Area

F. The most commonly used offset was 50 feet. The orientation of the

detector spread, and many of the offsets in the deep alluvial deposits

were determined by a combined study of the gravity and well data, along

with seismic profiles over the basement where it was more shallow around

the margin (Appendix B).

Most of the shotholes were hand dug or drilled by a post hole

auger, and averaged four feet in depth. Twenty holes were drilled by

an air-rotary rig, and averaged ten feet in depth. Two holes were

drilled to 20 feet with a cable tool rig. Shotholes were loaded with
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standard Apache Powder Company 60 percent Ainogel, two inch by one pound,

and detonated with Atlas instant.'firing electric blasting caps.

Charges ranged from one pound to 28 pounds per shot, with three

pounds common on a 2300foot spread and a l00"foot offset, Mikhota

and Tulina (1967) discussed areal grouping of shotholes to increase

the seismic effect. In Area F, two 20"foot holes, three feet apart,

were each loaded with 14 pounds of dynamite and connected in series.

The in4ine offset distance was 2650 feet to a 2300foot spread. The

seismotneters returned a strong signal, and qualitatively, the experi'

ment conveys that field research in this technique is justified.

The number of shot'profiles and their total cumulative lengths

for each area are shown in Table 1. Altogether, a total of 54 profiles,

aggregating a length of 120,000 feet if placed end to end, was made on

the Walnut Gulch Experimental Watershed Extended.

The seismic data were interpreted by means of the critical dis

tance and time intercept methods (Heiland 1946, Dobrin 1960), Inter

pretations were most commonly based on two and three layer horizontal

and dipping interfaces. In a few instances, four layer and fault solu"

tions were found to be applicable. A further discussion of the inter-'

pretation and accuracy of the seismic calculated depths is given in

Appendix C.

Velocity Determinations

In areas where boreholes or sonic logs are not available, the

velocities must be determined by measurements made along the surface



*Profiles underlined are illustrated and discussed in detail in the
dissertation. Profiles not underlined are briefly mentioned0

17

Table 1, Index of Seismic Profiles Made on the Walnut Gulch
Experimental Watershed Extended

Name of Profiles
Area

(Figure 4)
Number of

Shot-Profiles
Total Length of
Profiles (Feet)

San Pedro River to
A 13 24,950Flume 1*

Flume 1 to Montijo
B 8 12,850Flats

Lambs Draw C 7 12,500

Rifle Range D 4 9200

Flume 6 to Gleeson
Road E 1 2300

Willow Wash F 3 10,600

Arizona Route 82 G 7 15,750

City Dump H 1 4100

Bennett Ranch Road J 3 10,050

Northwest of Lime Tank K 2 5750

New Cowan Road L 3 7500

Cowan Ranch M 1 4000

Escapule Ranch Well N 1 390

TOTAL 54 119,940
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(Grant and West 1965), As an aid to interpreting the seismic profiles,

and a means of extrapolating useful relationships to density (Appendix

D), several velocity determinations, whose locations are shown in Fig'

ure 4, were conducted on surface exposures of some geologic units in

the Walnut Gulch Experimental Watershed Extended. Locations were se

lected which gave 250 feet or more of fresh in.'line exposure on a

rather level surface. Problems were still encountered with some areas,

where rock fracturing and weathering was believed to have influenced

the arrival times. In these cases the highest value derived from the

time-distance graph was chosen. Problems were also encountered in

placing the geophones and the charges properly in the rock in order

to get a good signal on the record.

Several refraction velocities were taken from the reversed

seismic profile records, where nearby exposures or well control data

justified a direct identification of rock type. In addition, data

from the seismic records were taken to compile a range and average of

velocities for the channel and alluvial deposits. Data from all sources

were used to compile a table of seismic velocities representative of the

study area (Table 2).

The high end of the range of velocities for channel deposits is

represented by only one value, and therefore, the true range is probably

closer to 1150 to 3500 feet per second. The low end of the range for

unconsolidated alluvium is represented by only two values, and therefore,

the true range is probably closer to 4000 to 6000 feet per second. The

large range in the conglomerates is primarily a function of cementation



*Values based on a single nonreversed velocity profile.
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Table 2. Seismic Velocities of Some Geologic Units on the Walnut
Gulch Experimental Watershed Extended

Geologic Unit
Geologic
Symbol

Range

(ft/eec)

Average
(ft/sec)

Recent channel deposits Qal 1150-4900 2200

Quaternary-Tert iary
alluvial deposits QT

Unconsolidated 3350-6000 5000

Conglomerates 6000-12,350 8800

Quaternary-Tertiary
*

basalt QTb - 15,600

SO. Volcanics Tsi - 12,300*

Pre-S.0. Volcanic
sedimentary rocks Ts 7550-10,925 9700

Schieffelin Granodiorite Tsc l2300l7,700 15,450

Uncle Sam Porphyry Tup 10,10016,400 13,350

Bisbee Group Kb 12,l0016,400 13,650

Naco Limestone Cu 11,85016,000 13,350
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and/or saturation, A partially cemented, nonsaturated conglomerate

would occupy the lower end of the range and may extend from 5000 to

7000 feet per second. A wellcemented, fullysaturated conglomerate

would occupy the upper end of the range extending from 9000 to 12,000

feet per second, Without the aid of well logs for control, it is most

difficult to relate a change in slope on the timedistance curves, from

4000 to 7000 feet per second to 7000 to 9000 feet per second, to a

change in stratigraphy or the effects of the water table0 Dudley (1962)

had similar problems in the Humboldt River Basin, Nevada studies, Com

pounding this problem in areas where they are not exposed are the pre

S,O, Volcanic sedimentary rocks0

The range of velocities for some geologic units on the Walnut

Gulch Experimental Watershed Extended agree very well with histograms

of seismic wave velocities for similar rock units as presented by Grant

and West (1965), One exception might be the lower end of the range for

the Uncle Sam Porphyry0 A more detailed listing of velocities and their

corresponding densities with a linear regression analysis is presented

in Appendix D0



CHAPTER 3

GENERAL GEOLOGY

Although this study is primarily geophysical in nature, the

known general geology and hydrogeology of the investigated area is

fundamental to making proper interpretations concerning the subsur-

face. These are briefly discussed in this chapter. Each is treated

in more detail in Chapter 4, under Geophysical Interpretations.

Principal Geologic Features

The major geologic units in the Walnut Gulch Experimental Water-

shed are shown in Figure 5. The oldest rock exposed on the watershed is

the Precambrian Gneissic Granite, which crops out in the upper or eastern

end of the watershed, Immediately north of these exposures, Gilluly

(1956) shows the granite intruding the Pinal Schist, the oldest known

geologic unit in southern Arizona,

The Paleozoic section is represented by 5400 feet of rocks,

primarily limestone in character, The Cambrian contains the Bolsa

Quartzite and the Abrigo Limestone, which are respectively 440 and

700 feet thick (Butler, Wilson and Rasor 1938), The Devonian Martin

Limestone, 340 feet thick, overlies the Abrigo Limestone, The Camb-

rian and Devonian are exposed only in the Tombstone Hills southwest

of Tombstone. Overlying the Martin Limestone is 500 to 700 feet of

Escabrosa Limestone of Carboniferous age0 The upper Carboniferous

21
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and the lower Perinian is represented by 3200 feet of limestone and dolo

mite, referred to as the Naco Limestone0 The Naco Limestone crops out

in three areas on the watershed (1) southeast of Tombstone where it

supports the eastern end of the Tombstone Hills and underlies the des'

ert plain to the southeast, (2) immediately west of Tombstone where it

has been intruded by the Schieffelin Granodiorite and (3) in the north

west part of the watershed where the formation is highly folded and

faulted.

Rocks on the watershed of Mesozoic age include an igneous in

trusive body of quartz monzonite and about 3000 feet of sedimentary

rocks ranging from conglomerate to shale to limestone, The Gleeson

Quartz Monzonite is Triassic or Jurassic in age and crops out in the

upper or eastern end of the watershed0 The Bisbee Group of Cretaceous

age occurs extensively along the south and northwest portions of the

watershed.

Geologic units of Cenozoic age cover the greater part of the

watershed. Two large exposures of igneous intrusions of Tertiary ages

the Uncle Sam Porphyry and the Schieffelin Granodiorite are separated

by the Bisbee Group on the southwest part of the watershed, A series

of shales, sandstones, and conglomerates, noted simply by Gilluly (1956)

as sedimentary rocks younger than the isbee Group and older than the

S,0, Volcanics, crop out on the southeast part of the watershed. Their

surface areal extent is too small to show in Figure 5. The S00, Vol"

canics, a thick series of quartz latite tuffs and hornblende andesite

flows of late Tertiary age, occupy a large porti I n of the watershed on
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the southeast. Tertiary and Quaternary deposits containing conglomerates

and alluvium were determined by Spangler and Libby (1968) to be at least

3000 feet thick on the northcentra1 part of the watershed0 A small baoo

salt plug pierces the alluvium one mile northeast of Tombstone0 Recent

deposits include: (I) channel sands gravels and cobbles within the

stream reaches, and (2) flood plain clays, silts and sands bordering

the channel in the middle and lower ends of the watershed0 These units,

although too small in areal extent to be represented on the map in Fig

ure 5, were quite important in interpreting the seismic profiles, and

therefore will be treated in more detail in Chapter 4.

The structural evolution as described by Gilluly (1956) for

central Cochise County may be divided into four broad events of defor

mation, These are: (1) Precambrian (2) postPaleozoic to preCreta

ceous, (3) postComanche to prePliocene, and (4) deformation associated

with or younger than the Gila Conglomerate.

The Precambrian orogeny is largely recorded by northeast strikes

of the foliation in the Pinal Schist outside the watershed. Similar

trends have been confirmed by Wilson (1962) in other areas of Arizona.

A northeast attitude is notable within small scattered exposures of the

Gneissic Granite in the eastern end of the watershed. These exposures,

however, may represent larger inclusions in the Gleeson Quartz Monzonite,

Structures represented by the post'Paleozoic to preCretaceous

deformation are broad folds and faults in the Mule Mountains to the

south and a stocklike intrusive mass of Gleeson Quartz Monzonite, a

portion of which supports the upper end of the watershed.



The major deformation of the area took place in post-Comanche

to pre-Pliocene time. The prominent existing features are folds,

thrust faults., and associated intrusives. Major trends noted in the

folds and thrust faults are east-west, north-south, and northwest-

southeast (Figure 5). The Bisbee Group south of Tombstone is folded

into a syncline whose axis trends east-west, Its southern flank is

cut off by the east-west Prompter fault two miles south of Tombstone

(Figure 5), which according to Gilluly (1956), has a 3000-foot strati-

graphic throw that diminishes eastward. Butler et al, (1938) conclude

that the east-west folding and faulting and the north-south faulting

preceded the intrusion of the Uncle Sam Porphyry and the Schieffelin

Granodiorite which appear to have intruded along thrust planes.

Thrust faults younger than those previously described are as-

sociated with the pre-S.O. Volcanic sedimentary rocks, the S,O, Vol-

canics, and the Tertiary and Quaternary conglomerates. Gilluly (1956)

believed that most of these structures were associated in origin with

the volcanic activity and did not reflect regional stresses. Wilson

(1962), however, cites several examples in Arizona of folding and

thrust faulting that continued into Pliocene time, This would appear

to imply the presence of regional stresses, Exposed in the channel

banks in the south-central portion of the watershed are high-angle

thrust faults cutting the Tertiary and Quaternary conglomerates.

The Bisbee Group is exposed on the north side of one of these faults

which strikes northeast"southwest 1.5 miles east of Tombstone (Figure

5),

25
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The Basin and Range orogeny, dominated by normal faulting, has

blocked out the major topographic features (Gilluly 1956). These would

include on the watershed the Dragoon Mountains on the east and the

Tombstone Hills on the southwest. A normal fault along the west side

of the Dragoon Mountains is only sporadically exposed north of the

watershed, and in most places is beveled by pediment gravels. No sur-

face evidence exists to prove the presence of a normal fault northeast

and east of Tombstone. Gilluly (1956), however, cites results from

drilling in the Tombstone area as indicative of its presence. Geophys-

ical implications will be discussed in Chapter 4.

Hydrogeology

The data on which this section is based were collected as a

part of the continuing water and sediment yield studies of the U. S.

Department of Agriculture. Hollyday (1963), assisted by Wallace

(1968a), conducted a well inventory of the Tombstone area and pre-

pared a regional water table contour map based on a limited number

of wells. Wallace (1968b) has added to the original well inventory

through a continuing research drilling program on the watershed.

Shown in Figure 2 are the location, depth to the water table

and/or basement, and total depth of the wells for the Walnut Gulch

Experimeital Watershed Extended, Based on this data, a preliminary

groundwater contour map was presented in a paper by Wallace and Cooper

(1968) before the ASAE. Figure 6 is a preliminary hydrogeology map

showing contours after Wallace and Cooper (1968). The geologic units
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have been generalized from Gilluly (1956) into four broad groups as de-

scribed in Chapter 4 and was first used by Spangler and Libby (1968) as

a base for simple Bouguer gravity data.

In general, groundwater flow is west to northwest toward the

San Pedro River from the Dragoon Mountains on the east. Two relatively

constant regional water table gradients exist within the alluvium (Fig.

ure 6), The first is 2.5 to 3.0 percent in the upper end of the water-

shed; the second is 0.5 percent and extends from the middle of the

watershed northwest and west to the San Pedro River, These two gra-

dients are directly related to the Tombstone Hills which are supported

by less permeable sedimentary and igneous rocks that act as a boundary

to deflect the groundwater flow pattern, The surface gradient is rela-

tively constant, decreasing from 1.8 percent in the. upper end of the

watershed to 1.5 percent in the lower end,

According to Wallace (1968a), measured depths to the regional

water table range from 35 feet in well 3 near the San Pedro River to

432 feet in well 78 six miles northeast of Tombstone (Figure 6), Sev-

eral shallow, local aquifers exist along the ephemeral streams within

the alluvium-filled pockets of the undulating igneous and volcanic

rocks. These aquifers serve as an important source of domestic and

stock water for the ranchers and have received intensive study (Qashu

1966, Qashu and Evans 1967, Renard et al. 1964),

The dominant feature of precipitation within the watershed is

its extreme variability, both with respect to time and space. Records

since 1904 at Tombstone show annual variations from 7.4 to 27,8 inches
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with an average of 14.5 incKes. Nearly two-thirds of the rainfall comes

from intense, convective, small diameter thunderstorms in July, August,

and September; and, the remaining one-third occurs in the winter months

from widespread, low-intensity storms (U. S. Department of Agriculture

1967). From an areal viewpoint, 80 percent of the runoff-producing

storms cover an area of less than 4.5-square miles, and the total rain-

fall among a dense network of rain gages within a single year has almost

as much variation as the average annual variation for the total water-

shed.

That part of precipitation which finally becomes a part of the

main body of groundwater in the Walnut Gulch Watershed Extended could

come from direct infiltration, groundwater movement into the area as

underf low, and transmission losses from stream channels.

Direct recharge to the water table from precipitation is con-

sidered negligible as soil moisture measurements indicate maximum pene-

tration to depths of only two to five feet (Wallace and Renard 1967,

Qashu and Evans 1967). Groundwater movement into the alluvial deposits

as underf low from the Dragoon Mountains has been concluded by Wallace

and Cooper (1968) through studying the distribution of calcium and

magnesium ion concentrations, In general, concentrations decreased

away from the mountain front and was attributed to dilution from new

recharge sources. The amount and effects of transmission losses are

discussed in the remainder of this sections

Runoff measurements on the watershed are approached in three

ways: (1) runoff from 6 X 12-foot plots is collected in covered



barrels (2) runoff from subwatersheds varying in size from one ito 375

acres is measured by small flumes weirs and ranch ponds and (3) main

streamfiow measurements at 11. gaging stati

criticaldepth flumes (U S, Department of Agriculture l967) Runoff

has been found Ito increase as a function of several factors., These

factors are a smaller watershed less crown spread of vegetation, less

pebbles on the soil surface, and a highly intense convective storm0

Flow events in the channels at most of the gaging stations average

about five to. ten per year0

Major reductions of runoff are caused by transmission losses

along the porous dry ephemeral stream channels0 These losses have

been evaluated in terms of quantity and hydrograph effects (Keppel and

Renard (l963) contributions to the regional water table (Wallace and

Renard l967) and local aquifer responses (Renard et al, 1964).,

Keppel and Renard (1963) observed values of 25 acreft per

mile on a fivemile reach of the channel which averaged 115 feet in

width, Based on quantity and texture of material 30 acreft per

mile was computed as a possible maximum loss0 At the lower end of

the watershed between two gaging stations spaced four miles apart

maximum losses up to 80 acreft per mile are predicted under the ideal

conditions at low antecedent moisture a high peak discharge at the up

stream gaging station, and a long duration of flow, In addition to the

volume/length unit used to describe transmission losses, Keppel and

Renard (1963) iso used units of volume/length/time to express loss

rates0 This is beneficial because if one knows the wetted perimeter,

Sas are measured by prerated,
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then the infiltration rate can be calculated, A loss of 16.5 acre-ft

per mile per hour in the lower reaches of the watershed was found to

represent 3.5 in/hr (inches per hour) of infiltration and rates in

excess of four inches were observed in other flow events (Wai1ce and

Renard 1967), This means the channel fill in this area has a capacity

to conduct up to 60 gal/day/ft2 (gallon per day per square foct) of the

sediment laden water, Using the double-tube infiltrometer method and

clear water, values up to 49 in/hr were obtained by Wallace and Renard

(1967) in the same area for channel fill having a geometric mean grain

size of 0.5 mm (millimeters), This rate converts to 735 gal/day/ft2

and when compared to the value obtained during a flow event, indicates

the sealing effects of the fine sediment suspended in a flow.

Regional water table fluctuations appear to have positive corre-

lation with estimated infiltration rates in Walnut Gulch above Flume 1

(Wallace and Renard 1967). However, neither the rate of nor the total

magnitude of rise in the water table was consistent with the infiltra-

tion rates when considered over three summers of observations. Part of

this discrepancy was explained by the construction of a cutoff wall

across the channel beneath Flume 1 during the winter between two of the

observation periods.

Responses of a local perched water table beneath the Walnut

Gulch channel and overlying the Schieffelin Granodiorite to transmis-

sion losses, subsurface seepage losses, and evapotranspiration has

been treated by Renard et al, (1964), In general, prolonged periods

of increasing water levels were noted to follow a flow event while



several decreases and/or daily fluctuations in the water levels were

directly related to evapotranspiration. Qashu and Evans (1967), from

a study in the same area, showed that the annual cycle of water table

fluctuations had a peak-to-peak amplitude of eight feet. The cycle

was divided into four distinct periods with a specific water balance

equation derived for each.
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CHAPTER 4

GEOPHYS ICAL INTERPRETAT IONS

The principal aim in any applied geophysical method is to

augment knowledge of the observed surface geology From this, and

correlations of the geophysical data with other observed phenomena,

hydrogeologic parameters may be deduced. A combination of geophysi-

cal methods is more effective since it takes advantage of a wider

range of the physical properties possessed by the different concealed

geologic units. From a study of the known surface geology and any sub-

surface data available from well logs, one should be able to determine

which geophysical measurements will most likely return the greatest

amount of desired information.

The seismic refraction method was chosen in this study because

it would give the most useful and least ambiguous results desired by

the objectives. Positive results from the use of this method in simi-

lar geologic environments has been reported in the literature (Cook,

Berg and Lum 1967, Davis 1967a, Dudley 1962, Duguid 1968, Healey 1966).

The work of Sherry (1956) in New England under a different geologic

environment also confirmed the use of the seismic refraction method in

hydrogeology.

The gravity method was selected to evaluate structural trends,

approximate thicknesses in the deeper alluvium, estimate basement rock
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configuration, and aid in the directional control of seismic refraction

profiles. Positive results from the use of this method to satisfy most

of these objectives in similar geologic environments has been summarized

(Cook et al. 1967, Davis 1967a, Realey 1966, Hench 1968, Mabey 1966,

Martin 1963, Sumner 1965).

A totalintensity aeromagnetic map of Tombstone and vicinity

was available through the U, S. Geological Survey open file (Andreasen

et al, 1965). The map was used in conjunction with the gravity data

to evaluate structural trends. The use of combined geophysical methods

in similar geologic environments has been noted (Davis 1967a, Dobrin

1960, Healey 1966, Mabey 1966),

In addition to discussing the geophysical data obtained on the

Walnut Gulch Experimental Watershed Extended in this chapter, an attempt

has been made to correlate and interpret the data with other observed

phenomena, and thereby permit the hydrogeologic and geomorphologic re-

lationshipa to be treated on a more quantitative basis.

Density Contrasts

The range, average, and number of samples of density determina-

tions for the geologic units within the Walnut Gulch Experimental Water-

shed Extended were shown in Figure 3 Sample site locations were noted

in Figure 2. The units may be grouped into four broad categories as

follows: (1) sedimentary rocks of pre-Tertiary age that arc dominantly

massive limestones, dolomites, and orthoquartzites, (2) intrusive igne-

ous rocks, (3) volcanic rocks of Tertiary and/or Quaternary age, and
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(4) clastic sedimentary deposits of Tertiary and/or Quaternary age that

are dominantly alluvium (loose) and conglomerates (consolidated). With

the exception of two exposures of high-density pre-Tertiary (?) volcan-

ics, this classification was used in generalizing the geology on the

base maps containing groundwater, gravity, and magnetic data (Figures

6, 7, and 8).

From a study of the density data and the generalized geologic

map, it may be concluded that the first and second groups mentioned

above have similar average densities and occur in the hills on the

southwest and northeast ends of the study area. They are thus coin-

bined into a class (Class "D Table 7, Appendix D) of basement-type

sedimentary and igneous units. Likewise, groups three and four have

similar average densities and occur in the valley or mid-portion of

the study area. They are combined into a class (Class I, Table 7,

Appendix D) of low-density sedimentary and volcanic units.

Assuming the unexposed basement units beneath the low-density

sedimentary and volcanic units are similarly represented by the present

exposures around the margins, any observed gravity anomalies would be

produced by the density contrast between the two classes.

Arriving at a proper value for the density contrast has been

the subject of many gravity studies, Mabey (1966), finding the density

of 24 samples of basement-type rock in Nevada to vary from 2.43 to 2.81

gm/cm3 and average 2.65 gm/cm3, and assuming a value of 2.20 gm/cm3 for

the basin fill, established therefore by assumption a density contrast

of 0.45 gm/cm3. Later he concluded the value could be either lower than
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the estimated 0.45 gm/cm3 or as high as 0.65 gm/cm3. Cook et al. (1967),

assuming a basement density of 2.67 gm/cm3 in Utah, and further assuming

three different densities for the basin fill, obtained density contrasts

of 0.4, 0.5, and 0.6 gin/cm3. Each of the density contrasts was then

used to construct a subsurface model, and the reader was left with the

option of choosing the correct mode1 Healey (1966) reported values of

density from sampling in Nevada to range from 2.49 to 2.85 gm/cm3 for

the pre-Cenozoic rocks, 1.78 to 2,87 gm/cm3 for the Tertiary volcanic

rocks, and 1.49 to 2.34 gm/cm3 for Cenozoic nonwelded tuffs and allu-

vium. From these values he indicated the density contrast between the

Cenozoic and pre-Cenozoic rocks to be 0.7 gm/cm3, with the reservation

that other density contrasts were possible. Davis (1967a) arrived at

a "best" value of 0.4 gm/cm3 for the Tucson Basin after analyzing well

cores, density logs, surface samples, and seismic refraction velocities.

This appears to be one of the most thorough efforts in the literature of

evaluating the density contrast. To summarize, an exact value of density

contrast is necessary to determine an exact value of the thickness of al-

luvial fill. While this is not possible, an average or "best" value,

and the range can be determined by using several sampling and geophys-

ical methods.

Basically, two means of arriving at the density contrast values

were used in this study. They were: (1) surface sampling, and (2)

seismic velocities, Variations or combinations of the two gave a

total of five methods by which the density contrast was evaluated.



As mentioned in Chapter 2, well cores and density logs were not avail

able, and therefore direct correlations at depth was limited0

The first method was surface sampling, Weighting the average

density of each geologic unit by the number of samples taken in that

unit (Figure 2) gave an average value of density for Class I units of

3 32,28 gm/cm and 2,65 gm/cm for Class II units,, Thus, a density con

trast of 0.37 gm/cm3 was derived0 This method is limited by the

dition that all samples are from the surface0

The second method was a variation of the first method, Using

the density contrast of 0,37 gm/cm3 and the infinite slab approxima

tion, a thickness of 3200 feet for the Class I units was derived,

From drillers logs and seismic depth determinations the loose allu

vium (2,01 gm/cm3) appeared to constitute the upper ten percent of the

fill materials0 The conglomerate units (2.34 gm/cm3) were assumed to

fill the remaining 90 percent, Neglecting SM, Volcanic effects (2,33

gm/cm3) and weighting by percent, the density of Class I was established

as 2.31 gm/cm30 This gave a value for density contrast of 0.34 gm/cm3.

The method is limited by ratio differences within the alluvial fills

and the assumption that the conglomerates sampled in the deep cut chan-

nels and around the margins were the same as those at depth,

The third method was also a variation of the first method. An

average density of the Class I units for those densities which had a

matched seismic velocity was 2.17 gm/cm3 (Table 8, Appendix D), An

average density of Class II units for those densities which had a

matched seismic velocity was 2,67 gm/cm3; therefore, a difference or
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density contrast was O5O gm/cm30 This method is limited by the small

number of samples (23) upon which the density contrast is based0

The fourth method used linear regression analysis of density

versus velocity to predict the density of each densityvelocity pair

submitted for analysis (Table 8, Appendix D)0 A mean predicted den'

sity for Class I units was 22O gm/cm3, while a mean predicted density

for Class II units was 2q65 gm/cm3; therefore, a predicted density con

trast of O45 gm/cm3 results0 This method, like the third method, is

limited by the small number of observations0 In addition, the quali

fications discussed in Appendix D should be considered0

The fifth method used the seismic velocities from Table 2 and

the linear regression equation from Appendix D to arrive at densities

for the geologic units.0 After weighting by percent as in the second

method, Class I units gave an average density of 232 gm/cm30 An aver

age density for Class II units of 262 gm/cm3 established the value of

density contrast at O3O gm/cm30 This method probably has most of the

limitations listed in the first four methods0 However, with a greater

number of matched, densityvelocity pairs, and a closer control on the

ratio of loose alluvium to conglomerate, it should equal in accuracy

that of density logs and well cores0

In summing up the five methods, the average densities of the

Class I units ranged from 2l7 to 2q32 gm/cm3 with a final average of

2.26 gm/cm30 The average densities of the Class II units ranged from

2.62 to 2.67 gm/cm3 with a final average of 2.65 gm/cm30 The density
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contrast had a range of 0.3 to 0.5 gm/cm3 with an average of 0.39 gm/cm3,



For simplicity in gravity calculations, this value was rounded to O4

gm/cm3, Table 4 in Appendix D illustrates the variance of thickness

or the value of gravity with a variance in density contrast,

Sipe Bouguer Gravity and Aeromagnetic Maps

The reduction of gravity data to simple J3ouguer values was dis

cussed in Chapter 2, Rough topography would violate the flat slab as

sumption used in the Bouguer correction Ito arrive at these values0 In

order to evaluate the degree of departure from this assumption, 50 of

the 360 gravity stations were analyzed for terrain corrections out to

include zone L of the }ammer zone chart These 50 stations were care

fully selected so that the terrain corrections of the remaining stations

could be interpolated if necessary0 As 42 of the terrain corrections

were less than 0,4 milligal, and of the remaining eight, only two ex

ceeded one milligal (L3, 1,6), corrections were considered negligible0

The largest correction, in the lower end of the Dragoon Mountains, would

have the effect of increasing the anomaly up t. l6 milligals at the

crest and 0,5 milligals in the deepest part of the alluvial fill,

The simple ouguer gravity data contoured on a twomilligal

interval are shown in Figure 7 Gravity highs occur over all the

exposures of basement"type igneous and sedimentary rocks, with values

in the Dragoon Mountains generally nine milligals lower than those in

the Tombstone Hills, The decrease uf approximately one milligal per

mile is related t' an increase in regional elevation in the eastern

portion of the watershed0 This example. of the inverse relationship
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between Bouguer anomaly values and regional elevation characterizes

much of the Basin and Range province as noted by Mabey (1966) in a

regional gravity survey in Eureka County, Nevada

The dominant feature of the gravity map is an asymmetrical

low with an amplitude of 24 milligals over the alluvial filL The

anomaly has a northwest-opening angle similar to the surface express-

ion of the Tombstone Hills and the Dragoon Mountains, with the minimum

values of gravity displaced consideab1y east of the geographic center

between them9

Northwest of the Tombstone Hills, a gravity low with an ampli-

tude of seven milligals indicates an alluvium-filled trough deepening

to the north and northeast In the southeast corner of the map, a

northwest-trending gravity low is associated with the S900 Volcanics,

At the extreme edge of the map in T2OS, the gravity values are decreas-

ing toward a low in Sulphur Springs Valley, which is another major

northwest-trending valley containing alluvial material (White and

Childers 1967)9

In addition to the gross gravity patterns above, local varia-

tions of less than five milligals occur within and southwest of the

Tombstone Hills9 Because the station density is low in these areas,

the anomalies are not well defined0 Some of the anomalies are prob-

ably produced by the low-density contrast between the igneous and

sedimentary rocks, or the Bronco Volcanics which are exposed in the

southwest corner of the map0 A broad slope southeast of Tombstone is

interpreted as a shallow saddle which connects the Tombstsne Htlls with
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the Mule Mountains south of the map area. Interpretation of four pro-

files, whose locations are noted on the gravity map in Figure 7, follow

a discussion of the aeromagnetic map.

Figure 8 represents a portion of an aeromagnetic map of Tomb-

stone and vicinity by Andreasen et al, (1965), The original map was

compiled on a 1:125,000 scale using total-intensity magnetic data from

north-south flight lines one mile apart and 9000 feet above sea level.

Magnetic contours having an interval of 20 gammas show total-intensity

of the magnetic field of the earth relative to an arbitrary datum.

The dominant feature of the map, a magnetic high with an atnpli-

tude of 350 gammas centered over exposures of the Schieffelin Granodio-

rite immediately southwest of Tombstone, may be indirectly related to

the mineralization of the mining district. Minor bulges in the magnetic

anomaly to the northeast and northwest are coincident with bulges on the

gravity map, and suggest subsurface expression of the structural complex

supporting the Tombstone Hulls Linear magnetic lows, somewhat parallel

to the gravity trends, flank the magnetic high on the southwest, north,

and northeast. The southwest magnetic low, unlike the gravity low, sug-

gests the alluvium-filled trough extends farther to the south toward the

volcanics, and widens to the northwest ending in a closed basin, The

north magnetic low suggests a westward-plunging trough, but this is

contrary to more consistent indications from gravity, seismic, and

well data, which indicate bedrock to be fairly constant in altitude

and within 300 to 400 feet of the surface, The asymmetric northeast

magnetic low trends northwest and is indicative o the deeper alluvium
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trend. Its axis, however, is somewhat west of the gravity low, either

implying a greater influence from magnetic rocks in the Dragoon Moun-

tains or effects of remanent magnetization,,

Extending southeast through R23E from the high magnetic anomaly

over Tombstone is a moderate, shelf-like magnetic anomaly which is co-

incident with the gravity anomaly. When interpreted in terms of hydro-

geology, these anomalies indicate the possible existence of a barrier

to subsurface movement away from the San Pedro River on the west and

southwest toward the upper end of the valley northeast of Tombstone.

The north and northwest surface expression of the lower Dragoon

Mountains is shown by the narrow, linear magnetic high along the north-

east portion of the map. A 20-gamma negative magnetic anomaly east of

the crest reflects a small exposure of Cretaceous volcanics.

Profile Analyses

Mention was made in the previous section of a negative regional

gravity gradient existing within the Walnut Gulch Experimental Water-

shed Extended, The gravity gradient is recognizable by an inspection

of Figure 7 in the vicinity of the Tombstone Hills and the Dragoon

Mountains, A reduction eastward of approximately 1,0 milligal per

mile is similar to a regional gradient value established by Davis

(1967a) for the Tucson Basin. Regional gradients in gravity caused

by large deep-seated, structural features often distort or obscure

local anomalies. For this reason, regional gravity is often subtracted

out so as to leave the residual gravity. A method suggested by Dobrin



(1960) for gravity profiles drawn perpendicular through the gravity

anomaly, connects the gravity maxima on either side of the enclosed

minima by a straight line. This line is then assumed as the regional

gradient and the observed gravity profile is subtracted from it to

give the residual gravity profile. The method was used recently by

Cook et al. (1967) in discussing a gravity profile across the north-

ern Wasatch Trench in Utah and by Hench (1968) for a gravity profile

across the Santa Cruz Valley in southern Arizona.

In Figure 9, the relationship between the observed simple

Bouguer gravity, the assumed regional gradient, and the residual

gravity is shown for four profiles taken across the northwest-trend-

ing anomaly noted in Figure 7. Total-intensity aeromagnetic profiles

from Figure 8 for the same traverses are drawn above the gravity pro-

files.

Parameters for the construction of interpretational subsurface

models were established by using final average density values for Class

I and Class II units, the density contrast as derived in the section

under density contrast, and Table 4 in Appendix D as developed from

the flat slab approximation.

A two-dimensional gravity graticule, similar to that described

by Grant and West (1965) and Davis (l967a), was used to calculate the

gravity effect of the models for comparison with the residual gravity

anomaly. To satisfy the geophysical observations and best explain the

subsurface geology from its known surface observations, adjustments in

the models were necessary. The final models or geologic cross sections

45



40

-00

TOTAL MAGNETIC INTENSITY

TOTAL MAGNETIC INTENSITY

0

:5

-00

800

400

-;AV

ISO

INC

IT

TOTAL MAGNETIC INTCNSI1

- S____ INTALVVO BASEMENT COUPLET
SEA LEVEL

K CAICOLATED GRAVITY EFFECT

V GRILLED HELLS

E)PLANATION

SCALE IN MILES

Figure 9. Geologic Cross Sections Through the Walnut Gulch Experimental Watershed Extended as Interpreted
from Simple Bouguer Gravity and Total-Intensity Aeromagnetic Profiles.

46

K EGION4L

6000-

FIAT WIN
WELL 7

WELL AKELL

OIL ALLUVIUM7000-
VOLCANIC ROCKS

2500
CENOZOIC ALLUVIUM ASS

VOLCANIC ROCKS -
HASCMCNT COUPLES

8 EA VOL
BASEUENT CCIMPLEU

SEA LEVEL

7500- TOMBSTONE HILLS
WILL 0845005 SINS

WELL TB

CENOZOIC ALLUVIUM AND VOLCANIC ROCKS
2500

NYC
TOTAL MAGNETIC INTENSITS-

400

-0

CC



47

for the four profiles are shown in Figure 9, with the calculated gravity

effect from each model noted on the residual gravity curves.

Gravity lows indicated in the profiles are produced by a thick

accumulation of low-density alluvium and volcanic rocks of Cenozoic

age. Geologic and/or geophysical controls available in the vicinity

of the profiles are: (I) the surface position of the rock units and

their contact with the alluvium (Figure 7), (2) drillers logs from

wells noted on the cross sections (well data shown in Figure 2), (3)

seismic refraction studies (discussed later in this chapter), and (4)

densities (discussed earlier in this chapter).

Steep slopes on the east and west segments of the residual

gravity profiles A-A' and B-B', and on the east segments of profiles

C-C' and D-D', have been interpreted as indicative of Basin and Range-

type faults. It is believed that the location of the faults is rea-

sonable based upon all the evidence available, However, it should be

emphasized that instead of only the border faults as shown, a series

of smaller step faults would have given similar results for the calc-

lated gravity effect.

The graben structure shown in cross section A-A' reveals a

wedge of alluvium ten-miles wide with a thickness of 3500 feet to

the basement northeast of well 78. Wells 89 and 78 bottomed-out in

alluvial fill at depths of 1160 feet and 662 feet respectively (Wallace

l968b).

Cross section B-B' illustrates that the graben diminishes in

width and depth to the southeast, A change in slope in the west
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segment of the residual gravity profile corresponds to a surface outcrop

of intrusive basalt. The intrusive mass has been interpreted as rising

along a subsurface fault. A buried pediment surface extending one-half

mile west from the Dragoon Mountain front shown in cross section A-A'

is nonexistent in cross section B-B'. Whether the normal fault in

cross section B-B' originally assumed one of the older high-angle re-

verse faults which are shown in cross section A-A' closer to the moun-

tain front, or the front has been eroded back farther since normal

faulting is not known. The first consideration differs from Gilluly's

(1956) belief that the mountains were blocked out by normal faults. On

the other hand, it lends support to a theory by Libby (Spangler and

Libby 1968) that deep-seated igneous intrusions and accompanying high-

angle reverse faulting were responsible for the high relief areas com-

prising the lower Dragoon Mountains. The second consideration, when

interpreted from a geomorphology viewpoint, does not explain the rela-

tion between the present high relief of the Dragoon Mountains in cross

section A-A' from which the pediment surface extends, and the present

low relief in cross section B-B' where the pediment surface is absent.

The long, gentle, magnetic gradients on the eastern segments

of profiles A-A' and B-B' possibly indicate the presence of magnetic

debris in the alluvial fill that has been derived from the Dragoon

Mountains. In profiles C-C' and D-D', where topographic influences

would have been minimal in the magnetic survey, intensities increase

as the intrusive igneous rocks are approached. Magnetic relief over

the S.O. Volcanics is either negative as can be seen five miles
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southeast of Tombstone (Figure 8), or undefined where they occur on the

flanks of the magnetic anomalies as in profiles C-Ce and D-D'. Sunima-

rizing, magnetic profiles over deep, alluvial-fill areas and the sur-

rounding exposed bedrock may be useful in deducing source areas and

depositional patterns.

Gravity and magnetic profiles A-A' and B-B' reflect the influ-

ence of the long, gentle, shelf area of sedimentary rocks southeast of

Tombstone. The wedge of Cenozoic alluvium and volcanic rocks in cross

sections C-C' and D-D' is shown to be not over three miles wide or 1500

feet deep. Although the inclination of the faults on the east side of

the wedge is conjectural, their location agrees with surface evidence

(Gilluly 1956).

Seismic Refraction Study Areas

Criteria established in choosing the profile areas for seismic

refraction studies and the collection and reduction of seismic data

were discussed in Chapter 2, The location of these profile areas was

shown in Figure 4. An index of the seismic profiles was presented in

Table 1. An interpretation of the measurements is discussed in Ap-

pendix G. General geologic and hydrogeologic conditions were dis-

cussed in Chapter 3 with the aid of Figures 5 and 6. Basic control

data and its interpretation were presented earlier in this chapter

through the use of a simple Bouguer gravity map (Figure 7), a total-

intensity aeromagnetic map (Figure 8), and geologic cross sections

derived from the above (Figure 9).
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In the following sections, a detailed analysis of profiles A,

B, C, D, F, and L is presented through the respective use of Figures

10, 11, 12, 13, 14, and 15 (In Pocket). Reference control is maintained

by the use of an equal-scale planimetric map at the top of each figure.

Important results from studies of the remaining profile areas are inter-

preted in the final section. It should be noted that, if the reader

chooses to review the additional profile areas or reinterpret any of

the geophysical data, all field notes, calculations, map and cross

section drafts, computer output, and seismograms are on file at the

Southwest Watershed Research Center, Tucson, Arizona.

San Pedro River to Flume 1 Profile Area A

A continuous seismic profile, containing seven reversed pro-

files and one overlapping, nonreversed profile, was conducted up the

channel of Walnut Gulch for 2.5 miles from a point 1200 feet below

its intersection with the San Pedro River, Figure 10 presents this

data in addition to several profiles across the channel and contains:

(1) an equal-scale planimetric map showing the location of all trav-

erses within Area A, (2) time-distance diagrams showing travel time to

individual geophones, and (3) geologic interpretations based on the

time-distance diagrams. Flume I, a prerated, critical-depth, concrete

structure for measuring the total streamflow from the upper 58-square

miles of the Walnut Gulch drainage basin, is located 100 feet from the

northeast end of the profile (Figure 10),

The dominant geologic structure, an alluvium-filled trough,

was first noted by the gravity survey which predicted a north-trending
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structural depression 800 to 1200 feet beneath the channel and centered

12 miles below Flume 1. A geological investigation revealed the Uncle

Sam Porphyry exposed one to two miles southeast, two to three miles

south, one mile west, and two miles northwest of Area A, Using this

information and velocity determinations (Table 2)., the basement rock

forming the trough was interpreted as the Uncle Sam Porphyry0 The por-

phyry dips 12° toward the center on the right flank and 10° on the left

flank,, Profile Al on the left flank indicates the prophyry rises to

within 125 feet of the bed of the San Pedro River 1200 feet downstream

from the Walnut Gulch intersection. If the flanks maintained the same

attitude as noted, the trough would be 1300 feet deep at its center,

Since no recorded refractions from the basement could be iden-

tified on the time"distance diagrams located in the center of profile

A1A-A7A', a 2300'.foot reversed spread with shotpoints offset 850 feet

was attempted in profile A100 Although no refracted arrivals can be

positively identified from the basement on this profile, it s possi'

ble that the two most distant points on the reversed curve are record

ing basement refractions Since this is the earliest time at which a

basement refraction could occurs it does allow an estimate of minimum

thickness of the alluvial deposits0 To make such an estimate, a base-

ment velocity of 12,000 feet per second was calculated between the

points, This is reasonable from the results of true velocities on

the flanks and the reported value in Table 2 of 13,350 feet per sec

ond for the Uncle Sam Porphyry, For purposes of the estimate, the

basement is assumed flat in this area, This assumption is reasonable
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from an inspection of the gravity gradients and the fact that projec

tions from the flanks in profile AlAA7A' indicate a depth which is

greater than those calculated from gravity results, The intercept time

of possible basement refraction is .194 seconds, Using the velocities

from the seismic profile, this yields a minimum total thickness for the

sedimentary section of 650 feet. In summarizing, the trough is stated

to have: (1) a minimum depth of 650 feet based on the earliest possi-

ble refractions from profile AlO, (2) a maximum depth of 1300 feet if

the flanks in profile AIA-A7A' maintain the same slopes, and (3) an

estimated range of depth from 800 to 1200 feet based on gravity data.

A working figure of 1000 feet seems reasonable until a longer seismic

spread in the channel or a drill hole to basement near the axis is con

ducted,

The sediments in the trough may be grouped into two broad units:

(1) Tertiary and Quaternary alluvial deposits and (2) Recent channel

and flood plain deposits. The oldest and thickest unit contains the

Tertiary and Quaternary alluvial deposits which are exposed in the

east bank of the San Pedro River at profile Al, and outside the chan

nel of Walnut Gulch below Flume 1. Remnants of the older alluvium re

main along Walnut Gulch as the flood plain of the San Pedro River is

approached. Surface exposures of the remnants are shown in profiles

AlO and All where offsets in the time'distance curves could have been

misinterpreted as faults, A similar offset in the time"distance curve

of profile A4 is interpreted as a buried erosional scarp which has 32

feet of relief. From a geomorphology viewpoint, the buried scarp
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expresses in a subsurface manner topographic evidence for the edge of

the flood plain of the San Pedro River0

In general, the time'distance diagrams reveal a decrease in ve

locity within the older alluvial deposits as the axis of the trough is

approached. This observation is enhanced by a relatively shallow water

table which would tend to give uniformity to the seismic results if they

were: (1) composed of the same material, (2) consisted of the same age,

and (3) consolidated in the same manner0 If well data were available

for direct correlation with the seismic velocities, then the true na

ture of the material could be treated in other than relative terms.

As the center of the trough is approached, apparently the al.

luvial deposits become less consolidated and younger. Assuming that

the subsurface deposits in the center are not composed of clay.4ike

material, which can give similar velocities, then it could be concluded

that the area occupied by profiles A4, AS, All, and Al2 is better suited

for future groundwater testing and development. This area also contains

large thicknesses of lowvelocity Recent channel fill which infer greater

transmission losses during flood flows. Finally, the irregular inter

face between the two units, as suggested by the erratic travel times in

profile A5, may provide temporary storage for the transmission losses

until depleted by recharge to the groundwater table.

The Recent channel and flood plain deposits within the flood

plain of the San Pedro have been divided into two subunits based on

an intermediate slope in the time'distance diagrams. The two units,

channel fill and subchannel fill, reach a maximum thickness of 200
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feet on the northwest end of profile A9., The interface between these

deposits and the older alluvial deposits in profiles A8 and A9 indi-

cates a gradient of two to four percent which is four times the present

gradient of the San Pedro River. Although the profiles are oriented

approximately parallel to the strike of the river, very recent changes

in its course are noted in the field and on topographic maps. The

steeper gradients may represent apparent slopes within much older

meander loops, but this is presently a hypothesis deducted from very

limited data only. Changes in the gradient could just as well be ex-

plained by tilting or change in erosional regime.

Mapping of the water table by seismic methods in Area A was

hindered in two ways: (1) insufficient water-level data necessary to

correlate with slope intercepts on the time-distance plots, and (2)

near coincidence with other interfaces. These interfaces were between

the channel fill and subchannel fill in the flood plain area of the

San Pedro River, the channel fill and older alluvial deposits in the

center of the area, and the older alluvial deposits and the Uncle Sam

Porphyry near Flume 1.

Wallace (1968a) pointed out that a plane extending from the

bed of the San Pedro River through well 73 (Figure 2) approximates

the water table. This theory assumes the water table has a constant

slope, and the San Pedro River is effluent. The first assumption ap-

pears valid from solutions of the time-distance curves of profiles A6

and A7 where an interface exists in the deep alluvium at 130 feet in

depth.



55

The second assumption may have minor local departures, For ex

ample, a thickness of 40 feet for the dry, low-velocity channel fill on

profiles A2 and A2a near the Southern Pacific Railroad (Figure 10), es

tablishes a minimum interface 20 feet below the elevation of the present

course of the San Pedro River. This could mean that the recently formed

reach of the river has not had sufficient time to entrench itself into

the wellcemented alluvial deposits exposed on its eastern bank. If

this is true, then the local nature of the river is influent, and a

mound would exist within the mouth of the Walnut Gulch. Finally, any

flow beneath Walnut Gulch channel may be diverted into the old meander

of the San Pedro River. A series of piezometer tubes in the Walnut

Gulch channel between the old meander and the new reach would be jus

tified in resolving this problem.

Flume 1 to Montijo Flats Profile Area B

Between Flume 1 and the lower end of Montijo Flats the channel

of Walnut Gulch consists of a series of meanders deeply entrenched in

the Tombstone Pediment, The planimetric map of the top of Figure 11

illustrates the limits such meanders place upon the longer seismic

spreads. In the case of profile Bi, the spread had to cross one of

the meander loops, and for this reason older alluvium is noted in the

middle of its profile.

Four spreads were made in the channel in Area B and these are

shown as a composite cross section in profile B1A-B4A'. Profiles out-

side the channel proper were discontinuous, with varying lengths to
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avoid serious topographic effects. All of the profiles were sufficient-

ly long to record refractions from the basement except the short pro-

files of B7 and B8 in Montijo Flats where 300 feet of alluvium has been

penetrated by a well (Wallace l968a). Evidence from the longer profiles

of B3 and B4 in the channel indicates depths of 450 feet to the basement

which is the Uncle Sam Prophyry in Area B,

Probably the most striking feature of Area B is the amount of

relief on the porphyry. This relief varies from 3620 feet of elevation

in profile B4 to a surface exposure at 4075 feet in profile B6 Sur-

face relief on the porphyry is even more pronounced southeast of Area

B in the flanks of the Tombstone Hills, True velocities of the porphyry

varied from 10,100 feet per second to 14,100 feet per second and aver

aged 12,200 feet per second, The lower velocity in profile B5 was

thought to reflect a degree of weathering. Wallace (l968a), however,

has confirmed the presence of fresh rock by several drill holes in this

area,

An old meander 1oop has been interpreted from the delay times

on the time-distance plot of profile BL The asymmetrical cross sec-

tion of the old buried channel appears entrenched 80 feet into the por-

phyry0 An elevation of 3760 feet on the bottom of the channel and a

similar elevation in the southeast section of profile B5 suggests lat-

eral continuity9 Wallace and Renard (1967) first mentioned the pres-

ence of an old meander loop from surface evidence in this area. This

loop is thought to be more recent than the one entrenched within the

porphyry. Seismic response did not indicate the presence of
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stratigraphic boundaries within the alluvium as might be expected from

a buried channel, In other words, the buried channel may show as a

structure only on the interface between the porphyry and the alluvium;

later deposition within and above the depression must have been rela-

tively uniform.

A buried ridge of the porphyry crosses beneath the channel be-

tween profiles Bi and B2. If the ridge is consistent with other plunging

ridges noted along the edge of the porphyry, it will plunge to the north-

west. Drawing from seismic determined depths to the regional water table

and the magnitude of relief on the ridge beneath the channel, one might

infer that most subsurface movement of water in the saturated zone is

deflected away from the channel to the northwest in this area.

Mapping of the water table northeast of the buried ridge to

Montijo Flats (Figure 11) was very successful because a sufficient

thickness of alluvium existed between the water table and the porphyry,

The water table, 250 feet in depth, simulates approximately the land

surface slope. Drillers logs (Wallace 1968b) from wells in the Montijo

Flats aided in correlating seismic velocities with the saturated zone,

A discussion of the interpretation of measurements and a graph of cal-

culated depths versus actual depths is presented in Appendix C, West

of the ridge in profiles B5 and Bl, detection of the water table was

not successful because of its near proximity to the porphyry. A simi-

lar problem was described by Soske (1959) as the blind zone problem

and is further discussed in profile Area C.
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Seismic velocities in Figure 11 above the porphyry and below

the water table north of the buried ridge suggest well-cemented allu-

vial deposits of Thrtiary and Quaternary age (Table 2). Velocities

ranged from 8575 feet per second to 10,125 feet per second with an av-

erage of 9375 feet per second. Southwest of the buried ridge well-

cemented deposits are not present, suggesting that the ridge may have

served as a boundary between sedimentational regimes at the time the

original sediments were being deposited. Loose to partially cemented

alluvium above the water table ranges from 4250 feet per second to 6000

feet per second and averages 5230 feet per second. Overlying the 250

feet of alluvium in the channel is a thin veneer of Recent channel fill

averaging 18 feet in thickness and 2200 feet per second in velocity.

At the end of this chapter in the section titled, "Summary of

Seismic Refraction Analysis," a detailed discussion relating velocity

data to desired hydrologic parameters is discussed.

Lambs Draw Profile Area C

Three bedrock types, the Naco Limestone, the Bisbee Group, and

the Uncle Sam Porphyry, are shown in Figure 12 to occur in the subsur-

face interpretation of profile C1AC4A'. The internal contacts and

their inclination are interpreted from surface evidence (Figures 4 and

5), since seismic velocities from Table 2 show that the close grouping

of velocities between the three formations prohibit a positive identi

fication.

The Naco Limestone crops out in the hills on both sides of pro-

file C4 and is folded and faulted in a complex manner. In several areas
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below the concrete apron, the channel fill deposits are swept clean and

the exposed rock has a marble appearance. Although the interface be"

tween the Naco Limestone and the overlying alluvium is uneven as implied

from the timedistance data of profiles C3 and C4, a fairly uniform

slope to the north and northwest can be noted in profiles C6 and CL

The Bisbee Group is not exposed adjacent to the channel nor

are well logs available to confirm its position. However, it is ex

posed between the Uncle Sam Porphyry and the Naco Limestone in a rather

wide outcrop one'.half mile to the southeast, having a strike which lends

itself to this projected interpretation. It could not be determined

from seismic data whether the contact was intrusive or faulted.

A sharp ridge of the Uncle Sam Porphyry is exposed immediately

south of profile C5 and deflects the channel from a southwest to north'

west course. The ridge plunges sharply beneath the channel to the north

as evidenced by profile C5,

From west to east in profile ClAC4A', 375 feet of Tertiary and

Quaternary alluvial deposits thin to approximately 80 feet over the bur'

ied, plunging porphyry ridges thicken to 200 feet over the Bisbee Group,

and lense out beneath the channel fill in the midportion of profile C4,

Velocities within the alluvial deposits beneath cross profiles CS, C6,

and C7 indicate a range of consolidation from loose to partially ce

mented. A slightly higher degree of consolidation is implied from the

profile velocities beneath the channel. This increase may be caused

by a greater degree of saturation.
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The water table was not detected in Area C although it was noted

to be 250 feet deep in Area B immediately west and southwest. In other

words, the western time-distance curve of profile Cl was expected to

show a 9000 feet per second segment between the 6750 feet per second

velocity and the 12,650 feet per second velocity. This type of omis-

sion is different in concept from the omission caused by a velocity re-

versal and has been described by Soske (1959) as the blind zone problem.

It can occur where the returning ray from the high-velocity bedrock over-

takes and cuts off the returning ray from the water table. Frequency of

omitted segments from time-distance data depends on the thickness of the

intermediate layer and the velocity contrast between the layers, In the

area east of the plunging porphyry ridge, the regional water table was

not detected because it probably is near the contact with the Bisbee

Group. The possibilities of perched water tables south of the channel

in Javelina Draw, and north and northeast of the channel in Lambs Draw

were not investigated in this study.

Recent channel deposits average 25 feet in thickness and in-

crease from zero in certain portions of the channel crossed by profile

C4, to 35 to 40 feet in profiles C2 and C3. Seismic velocities within

the channel deposits are similar to those in Areas A and B. A velocity

of 3200 feet per second in the thicker deposits is 1000 feet higher than

the average, and may be a function of saturation since the traverse was

conducted shortly after a flow event.
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Rifle Range Profile Area D

A continuous, in-line seismic profile up the channel of Walnut

Gulch and crossing U.S. Route 80 one mile northwest of Tombstone is

shown as Area D in Figure 13. A channel length of 1.5 miles between

Areas C and D (Figure 4) was omitted in this study because exposures

of the Naco Limestone and the Schieffelin Cranodiorite eliminated the

need for seismic coverage. In addition, the geology and hydrogeology

of the Clyne Well Area, a shallow, perched water aquifer within pockets

of the Schieffelin Cranodiorite one-half mile west of Area D, has re-

ceived intensive study (Chapter 3).

Time-distance curves from profile D1A-D4A1 reveal an interface

of granodiorite sloping east toward the deeper alluvium. It should be

mentioned here that the
40

slope shown in the geologic cross section

and derived from the time-distance curves is only an apparent slope.

The northwest structural trend, as revealed by the geologic map in Fig-

ure 5 and the simple Bouguer gravity map in Figure 7, suggests a maximum

gradient oriented N
350 450

E. Water table contours in Figure 6 in-

dicate a flow direction of N 38° E. To summarize, this integrated data

conclusively shows a subsurface drainage pattern almost the reverse of

that suggested by the surface slope of the channel. In other words,

transmission losses to the channel fill in the area of U.S. Route 80

do not have subsurface hydraulic continuity with the Clyne Well Area

to the west and down channel. Although the exact location of the

groundwater divide created by the Schieffelin Granodiorite between

these two areas is not known, the seismic data would infer its presence



62

immediately west o. profile Dl. An additional seismic profile west of

profile DI is justified.

An inspection of the time-distance curves in profiles Dl and

D2 reveals similar downdip velocities of l35O0 feet per second and

12,300 feet per second respectively. On the other hand, an updip ve-

locity of 19,200 feet per second in profile Dl is almost twice that

of 10,180 feet per second in D2. The data, therefore, implies that

the slope determined in profile Dl does not extend at the same rate

beneath all of profile D2. The slope has been extended out as far as

the seismic data would justify and terminated by a normal fault. A

fault interpretation appears reasonable by an inspection of the well

data for wells 4, 77, and 89 in Figure 2. Well 4, near the intersec-

tion of U.S. Route 80 and the channel of Walnut Gulch, penetrated the

basement at a depth of 160 feet. Well 77, one-half mile southeast of

profile D2, remained in alluvium for its total depth of 314 feet, Well

89, one-half mile northeast of profile D2, also remained in alluvium

for its total depth of 1160 feet.

A geologic section through Tombstone by Gilluly (1956) in=

ferred the presence of a buried normal fault immediately northeast of

town. A gravity profile B-B° in Figure 9 did not indicate the magni-

tude of offset suggested in the geologic section, Further, a depth

to basement one-half mile northeast of Tombstone is noted by well 91

in Figure 2 as 575 feet. As pointed out by Wallace (1968a), this

depth could be satisfied by a steeper slope in the basement, It seems

apparent, based on well and geophysical data, that a subsurface, normal
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fault is not present between Tombstone and well 9l but between well 91

and a basalt plug shown in Figure 5. This fault is believed to strike

northwest through seismic profile Dl and gravity profile A-A'. Spread

lengths in the seismic profiles were not sufficient to determine the

depth to basement on the downthrown side of the fault. Depth estimates

from gravity data range from 1000 to 1500 feet along the strike.

Based on the time-distance curves east of the fault in Figure

13, three apparent facies of the Tertiary and Quaternary alluvial de-

posits are believed to be primarily a result of consolidation and/or

cementation. No visual degree of difference in the conglomerates could

be detected in the scattered exposures along the channel bed.

At a depth of 250 feet in profile D3, a high-velocity conglom-

erate is shown which correlated with a hard, gray conglomerate described

in the drillers log for well 91. This conglomerate appears to serve as

the controlling factor on the disposition of the water table in this

area.

The 6000 to 9000 feet per second velocity for the conglomerates

exposed in the channel would suggest minimum transmission losses in the

areas traversed by profiles D3 and D4. In profile D2, conglomerates

are not exposed in the channel bed, and a higher than average velocity

for the channel fill exists. This area has been interpreted as a gra-

dational zone between the high-velocity, well-cemented conglomerates

in the basin proper and the channel fill overlying the Schieffelin

Cranodiorite.
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Willow Wash Profile Area F

A seismic profile with a bearing of N 550 g, and located one

mile northwest of the watershed boundary of Walnut Gulch in Willow

Wash, is shown as Area F in Figures 4 and 14. Willow Wash, an ephem-

eral tributary to the San Pedro River and similar in size and flow

direction to Walnut Gulch, extends across a gravity gradient in this

area of seven milligals per mile northeast.

Information derived from well data west of U.S. Route 80 tn

Figure 2, and the simple Bouguer gravity map in Figure 7, inferred

that the basement rocks exposed in the Tombstone Hills extended north-

west, north, and northeast beneath the alluvial deposits, A knowledge

of the basement attitude in Area F was therefore deemed necessary to

strengthen this inference. In addition, information on the water table

in Area F and the nature of the overlying alluvium was essential to sub-

stantiate the nose-like extension in the hydrogeology map of Figure 6.

Geologic interpretations of profile F1A-F3A' in Figure 14 re-

veal a very thick deposit of alluvium overlying a sloping basement iden-

tified here as the Bisbee Group. The degree of slope and identification

of rock type had to depend in the final analysis on information from

wells 8 and 33 in Figure 2 and the first arrival times from profile Fl.

This analysis is limited by the assumption of uniform dip and the use

of an apparent velocity in the depth calculation, Nevertheless, the

8° to 10° northeast slope compares favorably with the 12° to 140 ap-

proximation from gravity data.
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Calculations using the velQcities and slope intercepts derived

from the time-distance curves suggest that the Tertiary and Quaternary

alluvial deposits extend to at least a depth of 1200 feet on the north-

east and consist of three horizons.

A depth determination to the lower horizon of 900 feet is based

on the nonreversed traveltime curve of profile Fl. A constant inter-

face has been extended west by a dashed line in the cross section based

on the lack of offsets in the traveltime curve. Profile F2 was insuf-

ficient in length to give the necessary depth of penetration to the

horizon. Further, the final three traces in profile Fl infer a slower

velocity above the basement and beneath profile F2, The 11,750 feet

per second velocity would place this material in the well-cemented con-

glomerate range (Table 2),

An intermediate horizon has the water table as its upper inter-

face, an average velocity of 10,000 feet per second and a thickness of

600 feet, which decreases over the basement. An inspection of Table 2

velocities would suggest this horizon is also a well-cemented conglom-

erate.

Average velocity in the upper horizon is 4875 feet per second,

which is typical of the loose to partially cemented alluvial deposits

above the water table in the Walnut Gulch Experimental Watershed Ex-

tended. A veneer of Recent channel deposits completes the section.

In Chapter 3, mention was made that the Tombstone Hills dis-

rupted the groundwater flowlines from the Dragoon Mountains to the

San Pedro River. This disruption is expressed both in direction and
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gradient. Northwest to northeast of the Tombstone Hills, a dip of
40

to 140 in the basement creates sufficient thickness of overlying per

meable material, and the groundwater contour lines begin to straighten

and resume their original trend parallel to the Dragoon Mountains. The

water table as shown in Figure 14 is 300 feet in depth, is almost coin-

cident with the land surface, and has an apparent gradient of 1.4 per-

cent. These findings would suggest slight revisions in the nose-like

anomaly of the hydrogeology map in Figure 6.

New Cowan Road Profile Area L

Southeast of Tombstone a group of rocks consisting of conglom-

erates mixed and interbedded with maroon, fine-grained sandstones, white,

sugary, coarse'grained sandstones, and maroon mudstones have been noted

by Gilluly (1956) as younger than the Bisbee Group and older than the

S.0. Volcanics. Exposures too small to show on the geologic map in

Figure 5 are limited to the beds and sides of washes in the southeast

portion of the watershed, and around the flanks of hills southeast of

the watershed boundary in T2OS, R23E, Along the washes, the rocks are

overlain by: the Tertiary and Quaternary alluvial deposits; while around

the flanks of the hills, Gilluly (1956) notes that they are overlain

with an angular unconformity by the S,0, Volcanics.

In addition to the difficulty that has previously been encoun-

tered in determining age relationships, total thickness, areal continu-

ity, and lithologic character of these rocks, they also pose a problem

in the interpretation of seismic and gravity data. From the seismic

velocities in Table 2, it can be seen that the average velocity for
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the pre-S.O, Volcanic sedimentary rocks are 9700 feet per second, and

the average velocity for the Tertiary and Quaternary conglomerates are

8800 feet per second. This might appear to be a means of differentiat-

ing between the units. However, the range of velocities for each unit

shows that one is bracketed by the other. Figure 3 shows a similar,

though not as pronounced, problem with densities.

Whether a differentiation between the pre-S.O, Volcanic sedi-

mentary rocks and an older unit, the Glance Conglomerate of the Bisbee

Group, can be made on the basis of seismic velocities is not positively

known. However, density samples and visual examination of hand speci-

mens of the Glance Conglomerate suggest a higher velocity from its more

dense character. (See Appendix D for an analysis of densities and ve-

locities.)

In Area L, five miles southeast of Tombstone, seismic profiling

was conducted across the watershed boundary to determine if the ground-

water and surface water divides were coincident (Figure 4), The geologic

map in .Figure 5 indicates that Naco Limestone crops out onehaif mile to

the southwest and the S,O, Volcanics one'fourth mile to the northeast.

Simple Bouguer gravity contours in Figure 7 reveal a gradient of four

milligals per mile through the SO. Volcanics,

The geologic cross sections in Figure 15, interpreted from the

time-distance data in profiles Li, L2, and L3, show an average depth

of 65 feet for the loose alluvial deposits having a velocity of 4500

feet per second. This depth increases aovtheast in profile L2 to 95

feet and decreases north in profile L3 to 41 feet0 The attitude of
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the interface between the loose Tertiary and Quaternary alluvial depos-

its and the underlying pre-S.0. Volcanic sedimentary rocks is therefore

approximately the same as that of the surface.

An interface within the sedimentary rocks has been interpreted

as separating a sandstone-mudstone facies from a conglomerate facies.

This interpretation is based on the time-distance curves, a limestone

conglomerate outcrop 2000 feet west of Area L, and a drillers log from

the nearest well which is one mile southeast. Several minor step-like

faults have been interpreted from the displacements in the time-distance

curves of profiles Ll and L3.

Profile Areas E, C, H, J, K, and M

Significant findings and their interpretations for the remain-

ing profile areas are discussed in this section. Although specific

figures for each area are not included, the reader may refer to the

location map in Figure 4 and the index of seismic profiles in Table I.

Area E, approximately one-half mile up the Walnut Gulch channel

from Area D, reveals channel fill 10 to 20 feet in thickness, and two

facies of the Tertiary and Quaternary alluvial deposits. The upper

facies gives an average velocity of 5750 feet per second and increases

in thickness from 70 feet up channel to 160 feet down channel. This

facies is thought to correlate with a partially cemented, cobble, and

boulder conglomerate in a thick, cutbank exposure immediately up chan-

nel. A lower facies, with a velocity of 8550 feet per second, corre-

lates with exposures 1000 feet down channel, This means the unit is
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either downthrown by faulting, or an 80 rise is necessary to return it

to the channel surface between Areas D and E. Basalt, exposed 500 feet

east, does not extend beneath the channel as evidenced by the lack of

high-velocity slopes on the time-distance curves. This would tend to

confirm the presence of a fault, which was previously discussed under

Area D, and a theory by Wallace (1968a) that the channel is fault-

aligned.

Area C extends two and one-half miles east-west along Arizona

Route 82, and lies between Area C one-half mile south, and Area F one

mile north. In general, the data corroborated findings in these areas.

That is, the basement complex supporting the Tombstone Hills plunges be-

neath the alluvium to the northwest, north, and northeast. In the cen-

tral portion of Area G, depths to the basement were 275 to 325 feet.

The basement was not detected in the most western profile and a thick

cover of alluvium was indicated. The farthest east profile revealed a

slope in the basement to the northeast of 10° and a final depth of 575

feet. This slope agrees with findings in most of the other profiles

oriented northeast and previously discussed. A basement velocity of

13,000 to 15,000 feet per second east of center was interpreted as the

Bisbee Group based on the seismic velocities and projections from the

geologic map in Figure 5. The highest velocities could be indicative

of the Schieffelin Granodiorite; further, its presence beneath this

area was inferred by Wallace and Cooper (1968) from a chloride ion

concentration map derived through a water quality study of the ground-

water. A velocity of 12,000 feet per second for the basement west of
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center was interpreted as Naco Limestone, A profile oriented to the

northwest near the center shows a small degree of dip, confirming the

presence of a shelf-like feature observed on the gravity map in Figure

7. Overlying the basement are Tertiary and Quaternary deposits which

range in velocity from 5000 to 7000 feet per second, First arrivals

necessary for correlation to a water table were not positively iden

tified in Area G. It is postulated that the elevation of the base'

ment is too high to allow the development of the regional water table,

even though the overlying alluvium is 300 feet in thickness. This pos

tulation would appear somewhat confirmed by an inspection of well 84 in

Figure 2 which penetrated basement at 300 feet and was a dry hole (Wallace

1968a).

In Area H large offsets of the shotpoints prohibited first ar

rivals of the upper layer from showing in the time-distance graphs.

For depth calculations, a 5200-foot per second velocity for the loose

Tertiary and Quaternary alluvial deposits was assumed from an average

of several adjacent profile areas. Based on this assumption, a thick'

ness of 125 feet on the southwest increased to 275 feet on the north

east. A northeast slope of four percent for the interface, assumed here

as the water table, is steeper than the gradient from Area H to a re

ported depth of 359 feet to water in well 7l one mile northeast. This

would appear to substantiate a belief by Wallace (1968a) that the cal

culated depth to water table was too shallow on the southwest end of

Area H. A second interface, 425 feet in depth and increasing to 500

feet on the northeast, separates two layers having 10,000+ feet per
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second velocities. A lithologic interpretation of well-cemented con-

glomerates for both layers is partly based on well 89 in Figure 2,

which shows that basement was not penetrated in a total depth of 1160

feet. In addition, the interface correlates with a deep interface in

Area D to the southeast, and Area F to the northwest. From this analy-

0 0sis, a dip to the northwest of 2 to 3 for the lower, high-velocity

conglomerate is indicated. This dip is very significant to a proper

understanding of the hydrogeology of this area. For example, in Area

D, the water table coincides with the high-velocity conglomerate; in

Area H, it is 250 feet above the high-velocity conglomerate in a less

consolidated conglomerate; and, in Area F, it is 550 feet above the

high-velocity conglomerate.

Beneath Area J in the north-central portion of the watershed,

Tertiary and Quaternary alluvial deposits extend the full 1000 feet in

depth explored by the seismic profiles. This finding is somewhat sub

stantiated by drillers logs from wells to the southwest and northeast,

which show alluvial deposits the full extent of their respective depths

of 500 and 662 feet (Figure 2). The best information for a total thick-

ness of the alluvial deposits beneath Area .J comes from an inspection of

gravity profiles A-A' and B-B', and reveals a thickness of 2000 feet.

Three velocity layers of 4875, 9000, and 11,350 feet per second were

noted in the time-distance graphs. The upper interface between loose

alluvium and conglomerate is irregular and has a maximum depth of 150

feet. The lower interface is interpreted as the water table and re-

veals a depth of 400 feet on the southwest to 475 on the northeast.
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This would give the impression of a water table inclined toward the

Dragoon Mountains. However, a 2,5 percent slope in the topography

gives a net water table gradient beneath Area J of 0,8 percent to the

southwest. The water table appears to be controlled by a well-cemented

conglomerate.

A seismic traverse in Area K was chosen to explore the possible

extent of the normal fault inferred by seismic data in Areas D, E, and

H, by gravity data in profiles A-A' and B-B', and by the large depth of

alluvium in well 89. A layer, coincident with the land surface and 530

feet in depth beneath the southwest portion of Area K, had a velocity

of 13,050 feet per second. This velocity could represent either the

Bisbee Group or the Naco Limestone as noted in Table 2. An exposure

of the Naco Limestone and the Bisbee Group in a faulted complex one-

fourth mile southwest, and an exposure of the Bisbee Group three-fourths

mile north, did not offer a positive means of choosing between them (Fig-

ure 5). In the final analysis, a tentative assIgnment of the Bisbee

Group beneath Area K was based on the nature and location of the north-

ern outcrop. As first arrivals from the Bisbee Group were not detected

on the time-distance plot of a long seIsmic profile extending to the

northeast, an offset was inferred in the interface that was determined

from a shorter spread to the southwest, A calculation of the minimum

depth to the interface of 780 feet places a minimum estimate of 250

feet for the displacement on the fault, Based on seismic velocities

and exposures northwest and southeast of Area K, the section overlying

the Bisbee Group was interpreted as pre'S,O. Volcanic sedimentary rocks.



73

A surface veneer of alluvial gravels thickens to 75 feet on the north-

east. A water table interface may be associated with a change in ve

locity from 8300 to 10,825 feet per second This occurs at a depth of

200 feet on the southwest and 300 feet on the northeast. A mining shaft

onehalf mile northwest reveals a depth of 254 feet to water (Figure 2).

A seismic profile in Area N reveals a
40

northeast-dipping in-

terface between the Bisbee Group and the overlying pre-SO. Volcanic

sedimentary rocks, As S.0, Volcanics crop out immediately to the north-

east, the attitude of the interface suggests that the Bisbee Group and

preS.0, Volcanic sedimentary rocks dip beneath the S,0. Volcanics. A

similar inference could be made in Area L and supports field observa-

tions by Gilluly (1956) in adjacent areas, Evidence for faulting was

lacking in this profile and may indicate that the graben structure in

gravity profiles A-A' and B'-B' gradually changes to a shallow trough.

The latter is noted in gravity profile CC' which is located one"half

mile northeast of Area M (Figures 7 and 9),

Summary of Seismic Refraction Analyses

A total of 54 seismic refraction profiles, aggregating a length

of 120,000 feet of in1ine seismic profiling, was conducted in 13 areas

on and around the watershed (Figure 4 and Table 1). In general, the

seismic refraction profiles provided sufficient data to enable the con-

struction of geologic sections in each of the 13 areas, These sections

in particular reveal: (1) the identification, depth, attitude, and ex-

tent of geologic units comprising the basement complex, (2) the identi-

fication, depth, attitude, and extent of geologic units comprising the
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alluvium complex, (3) structural features, such as faults, buried ridges,

and buried channels, and (4) the presence, depth, and attitude of the

regional water table

Velocities averaged 2200 feet per second for channel fill, 5000

feet per second for unconsolidated alluvial deposits, 8800 feet per sec

cud for conglomerates, and depending 'n the particular unit, 12,300 to

15,600 feet per second f;.r basemeuttype rocks. The range of velocities

was found to compare favorably with histograms of seismic'wave velocities

for various classes of rocks as presented by Grant and West (1965),,

Field applications of velocity data beyond its normal use in

depth calculations and identification or correlation of units has been

limited, One exception has been in the field of engineering geology,

where velocity data has been empirically used to establish indexes of

rippability and slope stability, Based on the velocity data in this

study, several hypotheses relating to sedimentation and alluvial his'

tory were made, In addition, it is proposed here that velocity can be

used to estimate maximum transmission lssses and approximate areas with

in a channel reach where they may occur, Using the relationship between

density and velocity derived in Appendix D and the equation

n

where n is porosity, Tb is bulk density, and is grain density,

it is seen that a value of porosity for the channel fill or alluvium

can be derived from a determination of their velocity. Letting g



2.67 gm/cm3, a value of 31 percent is reached for the average porosity

of the Recent channel fill and 24 percent for the Tertiary and Quater

nary unconsolidated alluvial deposits. For the four-mile channel reach

between Flumes 1 and 2, which has dimensions of 18 feet in depth and

200 feet in width, this means a maximum possible transmission loss of

135 acreft per mtle.
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CHAPTER 5

CONCLUS IONS AND RECOMMENDAT IONS

Analysis of geophysical, well, and geologic data provided a

basis for the interpretation of the hydrogeology of the Walnut Gulch

Experimental Watershed, In addition, recent alluvial history of chan

nel deposits was inferred by the geologic sections and interpretations

in Areas A, B, C, D, and E. Mapping of the water table in many areas

revealed depths from near zero at the confluence of Walnut Gulch and

San Pedro River to 475 feet in the central portion of the watershed.

The accuracy of predicting depths to either groundwater or basement by

the seismic method was ± 6 percent, while that for groundwater alone

was ± 10 percent.

In general, surface and subsurface boundaries of the watershed

are not coincident, Further, groundwater flowlines are not parallel to

the axis of the watershed, and the water table does not maintain an equal

gradient throughout. Rather, a steep gradient west from the Dragoon

Mountains becomes moderate where flow is diverted to the northwest by

the Tombstone Hills.

The complex supporting the Tombstone Hills dips 4° to 14° north-

west, north, and northeast beneath the alluvium. Along the northeast

boundary, this slope is terminated by a buried normal fault. West and

southwest of the fault, the Schieffelin Granodjorjte prohibits

76
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development of a regional water table. East of the fault, the Tertiary

and Quaternary deposits are 1500 feet in thickness. These deposits in-

crease to a maximum of 3500 feet at a point two miles north of the water-

shed and four miles southwest of the Dragoon Mountains. A normal fault

bounding the alluvium on the east is believed to have assumed the plane

of an older high-angle thrust fault, and where this occurs, the pediment

west of the Dragoon Mountains is absent. The deep, alluvium-filled gra-

ben decreases in width and depth to the southeast, and its extension be-

neath the S,0, Volcanics is inferred as a shallow trough.

A shallow saddle connecting the Tombstone Hills and the Mule

Mountains to the southeast prohibits subsurface recharge to the water-

shed from the southwest. West of the Tombstone Hills an alluvium-filled

trough, approximately three miles in width and 1000 feet in depth beneath

the channel of Walnut Gulch, plunges to the north and northwest. This

trough creates a large storage area between the lower limit of the ex-

perimental watershed and the limit of the true watershed at the San

Pedro River.

The alluvium can be classified on the basis of seismic veloci-

ties into a loose, gravel-type deposit with a velocity of 5000 feet per

second and a thickness of up to 300 feet. An intermediate velocity of

5000 to 9000 feet per second represents partially cemented conglomerates.

The lower boundary of these conglomerates near the margins is the base-

ment, and within the graben structure, a high-velocity conglomerate.

The upper boundary of the high-velocity conglomerate appears to be

the controlling facto,r on the water table in Areas D and J northeast



78

of Tombstone, In Area F, the conglomerate is 900 feet in depth and the

water table is developed at the surface of the lower-velocity conglom-

erate

It is recognized that some of the tentative conclusions reached

in this study require much additional supporting data, and therefore,

were listed as hypotheses or postulations. They were presented forth

rightly in the hope that they will stimulate further observation and

study Borehole geophysical logging should now be applied and corre

lated with the stratigraphic boundaries established by the seismic sur

vey This would allow the construction of isopach maps, which could

then be applied to total water yield studies, Davis (l967a) has shown

that downhole density logs can be very useful in estimating the stor-

age coefficient for an aquifer. The logs could also be used in a re-

finement of the gravity interpretations. Although this study has shown

a means of deriving porosity from seismic velocity, there still remains

the important parameter of permeability; and, a knowledge of its aver

age value for each of the established units is necessary. Finally, ad

ditional wells with core samples should be located in Areas A, B, and

C, and between Areas K and L.



APPENDIX A

NEW GRAVITY BASE STATIONS
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Table 3. Index of Gravity Base Stations Established on the Walnut
Gulch Experimental Watershed Extended

80

*
Average

Number Geographical Coordinates Observed cravtty
Base Name (Figure 4) Latitude (N) Longitude (W) (MilliSals)

Quonset No. 2 1 310 42.6' 1100 3.4 979052.4

Cleeson Road 2 31° 44.5' 109° 57.1' 979015.8

Cowan Road 3 31° 3904' 109° 57.5' 979047.0

Three Mile
Corner 4 31° 44.9' 1100 5.8' 979072.6

*
Based on two or more separate readings.



APPROXIMATION OF X FROM GRAVITY DATA

In gravity analysis, the vertical component of gravitational

force, g, for a buried horizontal slab of infinite extent has been

discussed by Dobrin (1960) and may be expressed as

(in milligals) = .01277 t (1)

where, cj , the difference between the density of the buried slab and

that of the surrounding material (density contrast), is expressed in

gm , and t, the thickness of the slab is expressed in feet.
3

cm

Solving (1) for t then gives

gz

.01277

APPENDIX B

(2)

In Table 4, t has been calculated for several given values of

In seismic refraction analysis, the depth, Z, to the interface

for a two layer case has also been discussed by Dobrin (1960) and may

be expressed as

X
(3)Z (feet) = _2_

2 v1
V 2+
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Table 4.. Values of t (in Feet) for Given Va1ue of g (in Milligals)
and (in Gm/Cm3) Z

.60

82

0.5 196 98 65

1.0 392 196 130

2.0 783 392 261

4.0 1566 783 522

6.0 2349 1175 783

8.0 3132 1566 1044

10.0 3915 1958 1305

12.0 4698 2349 1566

14.0 5482 2741 1627

16..0 6265 3132 2088

18.0 7048 3524 2340

20.0 7831 3915 2610

22.0 8614 4307 2871

24.0 9397 4698 3132

.80 1.00

49 39.2

98 78.3

196 157

392 313

587 410

783 626

979 783

1175 940

1370 1096

1566 1253

1762 1410

1958 1566

2153 1723

2349 1879



where X, the distance from the shotpoint to the intersection of the

direct wave and the refracted wave (critical distance), is expressed

in feet, and V1 and V2, the velocities of the two media respectively,

are expressed in feet per second.

Solving (3) for X then gives

2Z
X

= (4)

2 - 1

V V2+ 1

From equation 4, it may be noted that the value of is

directly proportional to the depth, Z, and inversely proportional

to the radical

x=
C

The value of the radical is controlled

by the velocity differences (velocity contrast) between the two media,

V2 and V1. In Table 5, this value has been calculated for several

given values of V2 and V1.

Equating thickness, t, from (2) with depth, Z, from (3), and

substituting (2) in (4) gives

2t (5)

From this relationship it is shown that Xc for a seismic survey
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Table 5. Values of
/

V2 V1 (Dimensionless) for Given

84

Values of

V V V2+
V2 and V1 (in Ft/Sec)

2000 4000 6000 8000 10 000 12 000

4000 .577 0

6000 .707 ,447 0

8000 .774 .577 .378 0

10,000 .816 .654 .500 .333 0

12,000 .845 .707 .577 .447 .301 0

14,000 .866 .745 .632 .522 .408 .289

16,000 .882 .774 .674 .577 .480 .378

18,000 .894 .837 .707 .620 .534 .447



can be approximated from values determined in a gravity survey and

estimations of V2 and V1.

In Table 6, X has been calculated for several given values

of t and

V2 V1

V2 V1
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Table 6. Values of X (in Feet) for Given Values of t (in Feet)

and

-v/

V2 V1

V2 V1

(Dimensionless)

86

.200.400 .600 .800

Vi

V+1
10 100 50 33 25

50 500 250 167 125

100 1000 500 333 250

200 2000 1000 667 500

300 3000 1500 1000 750

400 4000 2000 1333 1000

500 5000 2500 1667 1250

1000 10,000 5000 3334 2500

2000 20,000 10,000 6667 5000

3000 30,000 15,000 10,000 7500

4000 40,000 20,000 13,333 10,000

5000 50,000 25,000 16,666 12,500



APPENDIX C

INTERPRETATION OF MEASUREMENTS

The magnitude and sign of the total error in seismic calculated

depths is a function of field techniques, instrumental compatibility,

and interpretation. Assuming proper field techniques and instrumental

compatibility, Northwood (1967) classified interpretative refraction

errors as to their cause under three general headings: "(1) errors

caused by incorrect reading of data, (2) errors caused by incorrect

assumptions, and (3) errors caused by incorrect geologic interpreta-

tion of the velocity layers,"

Reading errors can be due to picking incorrect timing marks for

the first arrival times from the traces, choosing the wrong number of

segments from the time'distance curve, or pairing unmatched segments

from reversed profiles.

Three assumptions usually made in seismjc refraction interpreta-

tion which may not represent field conditions precisely are: (1) veloc-

ity increases with depth, (2) velocity layers are recognizable as first

breaks, and (3) velocity does not deviate significantly along the seis-

mic spread. Departures from assumption one cannot be recognized by the

refraction survey only (Northwood 1967). Davis (1967a) showed conclu-

sively that velocity reversal zones could be determined from sonic well

logs Velocity reversal zones might also be determined by analyzing

87
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cores for density and extrapolating velocity from a density-velocity

plot similar to Figure 18 in Appendix D. Soske (1959), referred to

significant deviations from assumption two as the blind zone problem,

and recommended a field technique of placing the explosives near the

hidden layer. The sign of the error caused by departures from assump-

tion three depends on which method is employed to obtain the velocities

used in the interpretation. If the velocities are derived from vertical

well surveys, the depth calculations will be too shallow, and if refr4c-

tion-derived velocities are used, the computed depths will be too deep.

A method, recommended by Northwood (1967), of oblique shooting into

wells to determine the amount of anisotropy, would dictate a dense dis-

tribution of determinations if lateral variations were complex.

Errors caused by incorrect geologic and hydrogeQlogic inter-

pretation of velocity layers can be reduced if a framework of control

can be established from a few wells in an area, and a number of veloc-

ities are first determined directly on known outcrops. Problems of

interpretation may still arise if the range and/or average of veloc-

ities of several different formations group around common values. A

case of this nature may be noted in Table 2 with the Naco Limestone,

Bisbee Group, and the Uncle Sam Porphyry. Although the velocity with

which a layer transmits seismic waves cannot be used to clearly identify

the exact lithology and hydrologic characteristics, the calculated or

predicted depth to the layer can be very successful, Duguid (1968),

in a study of shallow alluvial deposits bordering the Laramie River in

Wyoming, had a depth-prediction accuracy to the groundwater table and
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bedrock of ± 10 percent. Welin (1958) determined average differences

between seismic-calculated depths and drilled depths to an archaen be-

rock in Sweden overlain by glacial moraine to be nine percent. Dudley

(1962) reported similar results for a study in alluvial deposits in the

Humboldt River Basin, Nevada, except for one case which yielded a 25

percent error. He attributed such a large error to a velocity rever-

sal.

The data and results of a reversed seismic profile near the

Escapule ranch well are shown in Figure 16. The log from well 79 shows

a highly altered granodiorite at a elevation of 4237 feet (Wallace

1968b). The sloping interface as determined from the time-distance

graph varies from an elevation of 4227 feet on the northwest to 4248

feet on the southeast. The well, when projected to the geologic sec-

tion, shows an elevation for granodiorite of 4239 feet, Outcrops o

the granodiorite surrounding the area indicate an irregular surface.

Therefore, a point depth as given by the well, and projected to an av-

erage bedrock surface as noted in the geologic section, may not be as

good a measure of the accuracy of the seismic interpretation as this

example would indicate. Further, electrical power lines in the vicin-

ity transferred noise to the seismogram, and reading errors in picking

arrival times could have been introduced. In addition, traces were not

recording on the seismogram for the first three geophones on the north-

west side. Therefore, if the assumption of continuity in lateral and

vertical velocities for the V1 layer were incorrect, further errors

could have been introduced. Finally, geologic errors were kept to a
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minimum in this example through the use of the well log and surrounding

outcrops, although the value of velocity was the lowest encountered for

the granodiorite in the survey (Table 2). This may be explained by the

altered condition of the granodiorite as noted by the well log. An in-

crease in velocity with a decrease in alteratjon was not as pronounced

as expected.

Using this type of analysis for the Walnut Gulch Experimental

Watershed, seismic calculated depths to the groundwater table and base-

ment were compared to actual depths derived from nearby well data. In

Figure 17 is shown a graphical illustration of this comparison. In

general, the deviations do not suggest a systematic error as one might

expect if all the calculated depths were greater than, or less than,

the actual depths. The accuracy of predicting the depth to either

groundwater or basement was ± 6 percent. The accuracy of predicting

the depth to groundwater alone was ± 10 percent, while that for base-

ment alone was ± 4 percent.

As one might expect, the greater the depth, the less accurate

the prediction becomes. This has been explained by Northwood (1967)

as a function of reading errors due to greater offset distances.

Greater offset distances cause decreases in the signal amplitude

and an attenuation of the higher frequency components. Errors were

kept to a minimum in this manner by increasing the charge and depth

of shothole, For example, shotholes four feet deep, 30 feet in-line

from the 330-foot spread of the Nl seismic profile contained one pound

charges; shotholes 20 feet deep, 1300 feet in1ine from the 2200foot
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spread of the J3 seismic profile contained 21 pound charges. In the

F3 seismic profile, two 20foot holes, three feet apart, were each

loaded with 14 pounds of dynamite and connected in series. The in

line offset distance was 2650 feet to a 2300-foot spread.

The prediction of depth to the groundwater table was less ac-

curate than the prediction of depth to the basement. This difference

may be explained by the greater horizontal distances over which the

groundwater depths from wells were projected to the seismic profiles

(Figures 2 and 4). In addition, there may have been some fluctuation

in the groundwater table after the measurement of its level in the well,

although Wallace (1968a) considers this a minor possibility. Finally,

the presence and variation in thickness of the capillary zone, and its

effect upon seismic response are unknown variables needing further in

vestigation, For example, the thickness of the capillary zone is a func-

tion of permeability, and as noted by Harshbarger et al. (1966), the

range in permeability within alluvial deposits is wide.



APPENDIX D

LINEAR REGRESSION ANALYSIS OF DENSITY VERSUS VELOCITY

An effort to formulize a concept drawn from the observations

of density and seismic data on the Walnut Gulch Experimental Water

shed Extended has been attempted in this appendix through the aid of

statistical techniques. From theoretical relationships between the

speed of longitudinal waves, the elastic constants, and density,

Dobrin (1960) concluded that, "the modulus of elasticity is the

most important variable controlling the velocity of seismic waves

in rocks," Plots of velocity versus density, from field studies by

Davis (1967a) and evidence cited by Grant and West (1965), indicate

a tendency of seismic wave velocities and bulk densities to increase

together. These relationships have been described as a function of

lithification accompanying age and compaction.

A method of predicting bulk densities from seismic velocities

was attempted on the Walnut Gulch Experimental Watershed Extended. The

The method has certain qualifications. These qualifications are: (1)

density is not a function of velocity in the true physical meaning,

but is used in the sense of integrating the parameters connecting them

and allowing a prediction Y (density) to be made from a measurement X

(seismic velocity), (2) normal distribution of the data is assumed,

(3) a small degree of nonlinearity is shown to exist in other studies
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for values of density below 2.2 gm/cm3 (Grant and West 1965), (4) ge-

ologic units sampled are grouped into two classes based primarily on

density and velocity, which reflect age relationships except for the

Quaternary-Tertiary basalt (Table 7), (5) departures from the assump-

tion of homogeneous and isotropic conditions would be greatest where a

horizontal separation existed between a matched pair of observations,

and (6) a small quantity of variation in either density or velocity,

without a corresponding variation in the other, may be a function of

measurement errors in either density or velocity.

The 23 matched pairs of density and velocity, and their cor-

responding geologic units are shown in Table 7. The pairs were ana-

lyzed for a least squares fit by a regression analysis program written

by Huszar (1966) for an IBM 7072 computer and modified for a CDC 6400

computer. Program control cards and aid in the statistical interpreta-

tion were provided by Schreiber (1969).

An overall average density of 2.43 gm/cm3 had a standard devia-

tion of .30 gm/cm3; an average velocity of 11,294 feet per second had a

standard deviation of 3977 feet per second. Eighty percent of the data

fell within one standard deviation, The Fratio of 93.1 indicated a

significance at the five percent level, This would mean that most of

the variation in the dependent variable was explained by the independ-

ent variable alone.

Deviations of predicted values of density versus the actual

values are shown in Table 8, The standard error of estimate was .13

gm/cm3. This means one could predict the density of a geologic unit
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Table 7. Velocity-Density Relationships of Some Geologic Units on the
Walnut Gulch Expertmental Watershed Extended

Major Geologic
Class Geologic Unit Symbol

Quaternary-Tert iary

Code
Number

Density
Velocity
(ft/see) (gm/cm3)

96

alluvial deposits QT

Unconsolidated 1 5128 2.13
2 5200 1.85

Cd 3 4975 1.77
4 5342 1.92
5 4875 2.09

w
Cd

Conglomerates 6 7825 2.34-
() ).0 7 10,125 2.36

C)..-'- 8 11,250 2.29

S.0. Volcanics Tsi 9 12,300 2.33

Pre-SO. Volcanic
sedimentary rocks Ts 10 10,019 2.38

11 9758 2.48

Quat ernaryTert iary
basalt QTb 12 15,600 2.80

Schieffelin
Granodiorite Tsc 13 16,350 2.64

14 15,450 2.68
Cd

Wcg Uncle Sam Porphyry Tup 15 16,200 2.63
E)4 .4 16 14,000 2.62

CO

co
Cd 0)

Bisbee Group Kb 17 14,500 2.53
w0 QO 18 13,050 2.70

19 12,125 2.65
00

a)

20 13,300 2.76

E Naco Limestone Cn 21 13,610 2.67
0)
Cd

22 15,500 2.68
23 13,281 2.68



Table 8. predicted Versus Actual Densities of Class I and Class II
Geologic Units on the Walnut Gulch Experimental Watershed
Extended

97

Major Class
Code Number

(Table 7) Actual Predicted Deviation

1 2.13 2.01 +0.12

2 1,85 2.01 -0. 16

3 1,77 2 00 -0,23

4J 4 1.92 2.02 -0. 10U
I- .-1 >,

Cl) 1 5 2.09 1.99 +0.10
Cl)

Q)U C)
c 6 2.34 2.19 +0.15'-I I W

0 '-4 C) 7 2.36 2.35 +0.01

8 2.29 2.43 -0.14

9 2.33 2.50 -0. 17

10 2.38 2.35 +0.03

11 2,48 2.33 +0.15

12 2.80 2.73 +0.07

13 2.64 2.78 -0.14

14 2.68 2.72 -0.04

15 2.63 2.77 -0.14

'0
o..ct j-

16 2.62 2.62 0.00

., '-4b-4 17 2.53 2.65 -0.12
- S Ii

18 2.70 2.55 +0.15U Cl)

awo
- w 5
o U)

t '0

19

20

2.65

2.76

2.49

2.57

+0.16

+0.19
U)

21 2.67 2.59 +0.08

22 2.68 2.72 -0,04

23 2.68 2.57 +0. 11



within ± .13 gm/cm3 two-thirds of the time by one measurement of seis-

mic velocity alone.

The regression coefficient of velocity was 6.89 X lO. A

t test (t = 9.65) indicated significance at the five percent level.

This would mean that the coefficient was significantly different from

zero at least 95 percent of the time (U. S. Geological Survey 1968).

The regression or prediction line and equation are shown in

Figure 18 with a plot of the values from Table 7. The value of R2,

here shown to be .816, is the square of the correlation coefficient,

which is a measure of how good the independent variable (velocity) is

in predicting the value of the dependent variable (density). It is

also significant at the five percent level.
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