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ABSTRACT 

The Sierrita Mountains were investigated as a site 

for the proposed Superconducting Supercollider, which was 

to be housed in a ring-shaped tunnel more than 80 km (50 

miles) in circumference. Geostatistical techniques 

including kriging were used to interpolate the potentio-

metric surface of the ground water and quantify its 

uncertainty along the proposed ring alignment to assess 

potential dewatering problems, based on the sparse water-

level information available. 

Potential water supplies for the Superconducting 

Supercollider complex include local and imported good-

quality ground water, poorer quality but abundant Central 

Arizona Project water, and Tucson or Green Valley municipal 

water. Ground water has the most suitable quality, but its 

development within the Tucson Active Management Area is 

restricted by state law. 
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CHAPTER 1 

INTRODUCTION 

The Sierrita Mountains Site is one of two sites in 

Arizona which was investigated for the Superconducting 

Supercollider (SSC) facility. Like the other Arizona site 

which was in the Maricopa Mountains, the Sierrita site is 

in a desert environment and crosses watersheds in which new 

ground-water development is restricted by the state. 

The water requirements and the various hydrologic 

impacts of an SSC facility at the proposed Sierrita Site 

are the subjects of this report. In particular, this 

report emphasizes possible tunnel dewatering problems and 

the physical and regulatory limitations governing the 

supply of water to the proposed facility. 
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CHAPTER 2 

BACKGROUND 

The SSC 

The SSC is a device, proposed by the U.S. 

Department of Energy, to accelerate protons to extremely 

high velocities and store them in two counter-rotating 

beams. Its major feature is the collider ring, a pair of 

parallel strings of magnets, each cooled to superconducting 

temperature to minimize power consumption, and each 

containing an evacuated tube to conduct the beams of 

protons. These strings of magnets, some to deflect the 

beams and some to keep the protons near the center of the 

tube, are laid out in a ring 80 to 100 kilometers (50 to 60 

miles) in circumference, lying in a near-horizontal plane. 

To provide shielding to contain any particles 

released in case of a malfunction of the beam, the U.S. 

Department of Energy (DOE) has stipulated in its Conceptual 

Design Report (SSC Central Design Group, 1986) that the 

collider ring, to be housed in a tunnel approximately 3 

meters (10 feet) in inside diameter, shall be surrounded by 

an annulus of soil or rock at least 10 meters (30 feet) 

thick to act as a primary shield. An additional advantage 
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to underground construction is stability against motion 

which might throw the beam out of alignment. A disadvan

tage is the potential problem of inflows of ground water 

during construction and operation of the SSC. 

Protons would be injected into the ring through a 

cascade of one linear accelerator and three booster rings, 

the largest of which would include superconducting magnets 

arranged in a ring of 6«4 kilometers (4 miles) circum

ference, inscribed approximately tangent to the collider 

ring (SSC Central Design Group, 1986.) 

The SSC is expected to require an average of 16 

liters per second (250 gallons per minute) of potable 

water, and up to 140 liters per second (2,200 gallons per 

minute) of industrial water at peak periods, mainly for 

cooling water for the compressors needed to supply liquid 

nitrogen and liquid helium for cooling the magnets to 

superconducting temperatures (SSC Central Design Group, 

1986.) 

The reward to the state chosen by the DOE as the 

site for the SSC is the potential for approximately a 

billion dollars injected into the state economy as 

construction revenues. In addition, the project is 

expected to form a nucleus for further high-technology 

development. As a result, Arizona and many other states 

have attempted to attract the SSC. 
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Attributes required of any site considered 

seriously for the SSC include adequate water supply; 

freedom from disturbance by subsidence, erosion, fault 

movement or ground vibration; easy access; and availability 

of power and other utilities and services; among other 

things. Demonstrably lower projected costs of tunnel and 

associated construction than those for competing sites may 

be advantageous. 

The Sierrita Mountain Site 

After screening numerous potential sites and 

rejecting most for reasons such as difficult access, uneven 

topography, subsidence hazard or problems related to 

political jurisdiction, the Arizona SSC Working Committee 

identified two sites in Arizona where the SSC could be 

built, both within the Basin and Range Province. One 

encircles the Sierrita Mountains southwest of Tucson (Plate 

1,) and is the subject of this paper. The other site 

encircles much of the Maricopa Mountains southwest of 

Phoenix. The Maricopa Mountains Site has been studied in 

some detail by the working committee and others, and the 

hydrology and hydrogeology of that site is the subject of a 

MS thesis at the University of Arizona by S. J. Brooks 

(Pers. Comm., 1988), a member of the committee. 

A search of tax rolls at the Pima County Assessor's 

office showed commercial and residential development to be 
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sparse on the Sierrita Site, an advantage in locating the 

SSC to avoid such development but a disadvantage in trying 

to assemble enough existing subsurface exploration records 

to characterize the site. 

Along the proposed Sierrita alignment, most of the 

area is state or federal (mainly U.S. Bureau of Land 

Management) land, mainly used for raising cattle. The 

proposed ring would cross one housing development, Diamond 

Bell Ranch, and would cross just south of a portion of the 

San Xavier Indian Reservation. 

According to Davidson (1973) the Sierrita Mountains 

consist mainly of moderately faulted volcanic and intrusive 

rocks flanked on the east and west by mainly alluvial, 

basin-fill deposits. Porphyry copper deposits on the east 

flank of the mountain are exposed in four open pit mines, 

now largely inactive. U.S. Geological Survey maps show 

other, undeveloped mining prospects in the area. 

With good access and construction costs anticipated 

by some experts to be relatively low (Miller, 1986,) the 

Sierrita site has merited further investigation. The major 

hydrological considerations affecting compatibility of the 

site with the project are adequacy of water supply, absence 

of major dewatering needs during construction and operation 

of the SSC, avoidance of subsidence-prone areas, avoiding 

scour conditions in all watercourses crossed, and the 
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hydrological impacts on the site resulting from the 

project. 
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CHAPTER 3 

GEOLOGY 

The sierrita Mountains lie within the Basin and 

Range Physiographic Province, a region characterized by 

isolated rugged mountain ranges, whose flanks have been 

eroded into pediment slopes with a thin covering of gravel, 

flanked by alluvial fans coalesced in places into bajada 

deposits, and isolated from neighboring mountain ranges by 

broad basins underlain by basin-fill deposits. Chronic 

(1984) provided a well-illustrated, nontechnical summary of 

the tectonic history and general characteristics of the 

Basin and Range Province. According to Chronic, the core 

of the Sierritas fits the pattern of porphyry copper 

deposits, in which a shallow intrusion of granite porphyry 

into Paleozoic sedimentary rocks, results in alteration and 

localized enrichment of the surrounding rock with 

chalcopyrite and related minerals. Chronic (1984) went on 

to state that the "granite core of the Sierrita Mountains 

is surrounded with at hodgepodge of Paleozoic and Mesozoic 

sedimentary, intrusive, and metamorphic rocks." 

As part of the investigation of the Sierrita site, 

the Arizona SSC Working Committee (Welty et al., 1988), in 

particular W. D. Cunningham, reviewed other available 
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geological maps and reports, and carried out field mapping 

along the proposed SSC ring alignment. Cunningham prepared 

a geologic profile along the proposed tunnel horizon along 

a revised alignment with 86.34 kilometers (53.66 miles) 

circumference, based on that information and interpretation 

by B. K. Sternberg (1985) of gravity measurements and 

limited seismic refraction profiles along the proposed 

alignment. That profile was incorporated in the Sierrita 

Superconducting Supercollider Site Proposal (Welty et al., 

1988) along with other work by Cunningham and other members 

of the Arizona SSC Working Committee. The profile is 

reproduced as part of Plate 2 in this report, with my 

Kriged estimates of water-level elevations and associated 

confidence intervals superimposed. 

The profile shows that the northern end, 

(kilometers 72.4-74.0 (miles 45-46), kilometers 75.6-86.34 

(miles 47-53.66) and kilometers 0-13.2 (miles 0-8.2) is 

predominantly in Tertiary Ruby-Star Granodiorite, with 

occasional remnants of Precambrian Continental 

Granodiorite. The alignment then crosses kilometers 13.2-

16.6 (miles 8.2-10.3) into Cretaceous Demetrie Volcanics, 

and would intersect two high-angle normal faults kilometers 

13.4 and 15.4 (miles 8.3 and 9.6.) 

The alignment then crosses kilometer 16.6 (mile 

10.3) into volcanic lithologies of the Tertiary Tinaja Peak 
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Formation. According to Davidson (1973) these deposits 

intercalate with, and are considered part of, the 

predominantly alluvial Tinaja Formation, which forms part 

of the principal aquifer of the Tucson Basin, together with 

the older Pantano Formation (which he correlated with the 

Helmet Fanglomerate) and the younger Fort Lowell Formation. 

According to the cross-section by Cunningham, (Welty et 

al., 1988) the Tertiary Helmet Peak Fanglomerate is found 

approximately 65 meters (200 feet) above the plane of the 

San Xavier Fault, a low-angle fault overlying the proposed 

tunnel horizon in the Ruby Star Granodiorite kilometers 

3.2-5.8 (miles 2-3.6). From kilometers 16.6-33.5 (miles 

10.3-20.8) the tunnel horizon crosses Tinaja Peak Formation 

or Quaternary-Tertiary fanglomerates cut into the Tinaja 

Peak Formation. 

According to the cross section (Welty et al., 

1988,) at kilometer 33.5 (mile 20.8) as the alignment 

crosses under the pediment of the Cerro Colorado Mountains, 

it also crosses into Tertiary volcanics and Tertiary 

Rhyolite Flows. Under the center of the Cerro Colorado 

Mountains, that is, kilometers 33.5-42.6 (miles 20.8-26.5), 

the tunnel alignment crosses the Cerro Colorado fault, a 

high-angle normal fault, into Continental Granodiorite, 

then through another high-angle normal fault into Mesozoic 

arkosic sediments. Cunningham et al., (1985 through 1987) 
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described the Cerro Colorado fault zone as being indurated 

at surface, so it may not be water-bearing at depth; he was 

unable to find either published information or field 

exposure to characterize the other fault zone. In terms of 

dewatering, normal faults present a source of concern, as 

they may potentially be water-bearing. 

On the western side of the Cerro Colorado 

Mountains, the profile shows the alignment crossing back 

into Tertiary Rhyolite flows and Tertiary Rhyolite 

intrusives, into Mesozoic andesites, then kilometers 42.7-

60.0 (mile 26.5-37.3) into Quaternary-Tertiary fanglom-

erates. Seismic profiles by Sternberg (1985) suggest the 

alignment crosses in and out of zones of higher seismic 

velocity, generally 1800 to 2000 meters/sec (5900 to 6500 

feet/s) and lower seismic velocity, generally 1100 to 1500 

meters/sec (3600 to 4900 feet/sec), which has been 

interpreted by Sternberg (1985) as being correlated with 

age and degree of induration of the deposits. The depth of 

Recent gravels and sands in the major washes in this area 

was estimated to be less than 40 feet, based on seismic 

refraction results by Sternberg (1985). 

According to Welty et al. (1988) the alignment, 

between kilometers 60.3 and 69.2. (miles 37.5 and 43), 

would pass just above or below the top of a complex 

sequence of steeply-dipping Paleozoic and Mesozoic 
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intrusives, metamorphic and sediments, cut by several 

north-south trending thrust faults and covered by 

fanglomerate, but exposed not far to the south. The 

geology/tunneling report indicated that lithological 

changes could be expected at close spacing along this 

section of the alignment. 

From kilometer 69 (mile 43) back to kilometer 0 

(mile 0), the cross section shows the alignment passing 

through igneous intrusives, including Precambrian 

Continental Granodiorite along kilometers 69-72 (miles 43-

45) and kilometers 74.8-75.6 (miles 46.5-47), through 

Jurassic Sierrita Granite kilometers 74-74.8 (miles 46-

46.5) and Tertiary Ruby Star Granodiorite along the 

remainder of the alignment. 
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CHAPTER 4 

APPROACH TO THE HYDROLOGICAL INVESTIGATION 

The first step in this investigation was a review 

of the general hydrological requirements of the proposed 

SSC. Generally these were either stated explicitly in 

periodic bulletins issued by the Central Design Group, or 

inferred from other parameters. An example of the former 

was the requirement that the site be free of potential 

subsidence, which would hinder maintenance of ring 

alignment. An example of the latter was an estimate of the 

water supply required, which was estimated by a member of 

the University of Arizona's Physical Resources staff 

(Weeks, 1984 through 1986) based on a refrigeration 

requirement equal to the peak power requirement of 100 MW 

and estimated staffing of 1000 to 2000 people, as stated in 

one of the early bulletins. A subsequent bulletin 

confirmed this estimate. 

After review of SSC requirements, steps involved in 

the hydrological evaluation of the proposed Sierrita 

Mountains Site consisted of a literature search, a search 

of the WATSTORE ground-water information data base 

maintained by the U.S. Geological Survey, a field 

investigation to measure current water levels and aquifer 
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parameters and collect water quality samples, a 

geostatistical analysis and Kriging of the water-level 

data, laboratory analysis of the water quality samples and 

a review by S. J. Brooks of the surface hydrology of the 

site. 

Geological information about the site was 

concurrently assembled by W. D. Cunningham, B. K. Sternberg 

and others in the Arizona SSC Working Committee. 

Initially, I generated profiles of ring elevation; later P. 

Jablonka, a graduate student in Computer Sciences at the 

University of Arizona, wrote and implemented a computer 

program to prepare more approximate profiles for display 

with profiles of digitized topographic data, for screening 

purposes (Cunningham et al., 1985 through 1987.) With this 

program, several ring locations and orientations were 

examined to minimize tunneling depth subject to several 

constraints, including maximum allowable slope, minimum 

depth of burial, and avoidance of areas where basin-fill 

deposits were deep and had significant potential for 

subsidence. 

Literature Search 

The literature search included published 

hydrogeological maps (Murphy and Hedley, 1984, and Reeter 

and Cady, 1982) issued by the U.S. Geological Survey and 

Arizona Department of Water Resources, which tended to 
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focus on the aquifers formed in the basin-fill deposits of 

the Altar Valley, Santa Cruz Valley and Sopori Wash. The 

search also included maps showing potential for water 

supply (White et al., 1966, and White et al., 1984) and a 

U.S. Geological Survey report (Davidson, 1973) on the 

potential for water supply in the Tucson Basin. 

To evaluate the subsidence potential of the site, 1 

relied mainly on Davidson (1973) and on oral descriptions 

of subsidence monitoring near Tucson by Carpenter (1984, 

1985) of the U.S. Geological Survey. 

Identification of parameters important in terms of 

cooling water supply is based primarily on Weeks (pers. 

com., 1984 through 1986), who was directly involved at the 

time with the operation of the cooling plant at the 

University of Arizona. According to Weeks, the limiting 

water quality parameter reported by most of the operators 

of industrial cooling plants (such as power stations) in 

Southern Arizona was dissolved silica. This parameter was 

consequently included in the list of water quality 

parameters addressed in the SSC site investigation. 

In order to determine the legal procedures which 

would be required to provide a sufficient water supply for 

the proposed SSC complex, I reviewed the relevant statutes 

of the Arizona Groundwater Code (Arizona Revised Statutes, 

Vol. 15, Title 45, Section 45-143 et seq., 1985) and talked 
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with personnel with the Arizona State Land Department, 

Arizona Department of Water Resources, Tucson Active 

Management Area, Tucson Water Company, Green Valley Water 

(Lundiger, 1986, pers. comm.)/ Community Water of Green 

Valley (J. Hayes and J. Livingston, pers. comm., 1986) as 

well as unidentified personnel with Tucson Electric Power 

Company. 

WATSTORE Search 

The U.S. Geological Survey maintains a data base of 

hydrogeological information known as WATSTORE, in which 

information regarding the location, construction, water 

level measurements, discharge rates, water quality 

information and other information may be stored. According 

to R. Reeter (Pers. Comm., 1986) of the Arizona Department 

of Water Resources (ADWR) much of the recent ADWR data had 

not been entered into WATSTORE. A search of WATSTORE 

records for all townships contiguous with the proposed ring 

location, performed by U.S. Geological Survey personnel for 

me in 1985, turned up water level measurements dating from 

approximately 1960 until approximately 1984, occasional 

partial chemical analyses and occasional measurements of 

pump discharge for brief tests, generally without drawdown 

data. 
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The water-level data used in this study came from 

the WATSTORE computer records of the U.S. Geological 

Survey, Hydrological Division (U.S. Geological Survey, 

1985), from field notes and computer records of the Arizona 

Department of Water Resources (ADWR, 1986) and from my 

field measurements (until December 1986) and measurements 

by S.J. Brooks (after December 1986) in the course of the 

SSC investigation. In the site area, most of the wells are 

stock wells, some of which have been used seasonally for 

years. From time to time, the U.S. Geological Survey and 

the Arizona Department of Water Resources have made spot 

measurements of water levels in some of these. Some "key" 

wells have been measured regularly. Other wells are less 

accessible and may have been measured last when the pump 

was first installed, decades ago. 

Additional water-quality data, from tests on 

Central Arizona Project water, were provided in 1986 by D. 

F. Johnson, Water Importation Engineer for the City of 

Tucson, from a report by J. M. Montgomery Consulting 

Engineers et al., (1983). 

Field Investigation 

Owing to the small amount of ground-water 

development in the Sierrita Mountains, the hydrogeological 

field investigation was of necessity rather limited. I 

measured water levels in many of the wells in the area, 
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although measurements could not be made the other wells, in 

some cases because the owners would not permit measurements 

to be made or in other cases because the wellhead was 

sealed and did not permit water level measurements without 

raising or removing the pump column. 

Where possible, in April 1986 and again in August 

1986, I collected water samples from wells in the site area 

and measured pH, temperature and specific conductivity in 

the field, and later the same day or next day analyzed them 

for total alkalinity. I then submitted the samples to the 

University Analytical Center for further chemical analyses. 

The August 1986 sampling event was intended to include 

wells missed and wells from which the water samples yielded 

questionable analytical results. 

In addition, I organized and reviewed an aquifer 

recovery test in a stock well, near the southern extremity 

of the proposed SSC ring alignment. The test was conducted 

and analyzed by S.J. Brooks in 1986. 

Kriqinq of Water-level Data 

Many recognized techniques exist for interpolating 

the value of a distributed random function (e.g. water-

table elevation across a site) between data points. 

Kriging was used for this investigation, for the following 

reasons. First, kriging provides an exact estimator of the 

parameter being estimated. In other words, the kriging 
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estimates of the parameter approach the datum values as the 

points of estimation approach the datum points. Secondly, 

kriging provides a quantitative estimate of the uncertainty 

associated with its estimate at some point, based on the 

autocorrelation characteristics of the population of data 

used and the positions of the datum points used in the 

interpolation relative to the point of estimation (Journel 

and Huijbregts, 1978, Myers, 1985 and 1986, and others). 

The first step in kriging is to find a function 

which describes the autocorrelation characteristics of the 

parameter being studied. This is done by generating and 

analyzing the average covariance between datum points at 

different separations; this is called the experimental 

variogram. This is then compared against known, valid 

variogram models to determine a variogram function (of 

distance) which best represents the distribution of data. 

This comparison process is known as structural analysis, 

and may include other information about the nature of the 

parameter being studied. In some cases (Myers, 1985 and 

1986) anisotropic variograms, in which the data correlate 

across greater separations in one direction than in 

another, may be appropriate. 

This function can then be used by the kriging 

algorithm, typically in a computer program, or collection 

of programs, to generate weighting functions for use in 
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interpolating between datum points, as follows. For each 

point at which a kriging estimate is required, the value of 

the variogram function (gamma) at the separation (hoi) 

between the point (o) of estimation and (i) the various 

datum points in the neighborhood and the variogram 

functions gamma(h^) at the various separations between the 

different datum points are first determined. These are 

then used in a system of simultaneous equations to 

determine the relative weights to apply to the nearby data 

to form a weighted average of the data values which is the 

kriging estimate Z* (Journel and Huijbregts, 1978). 

The kriging standard deviation S* at the point is 

then determined as the square root of the kriging variance, 

that is, of the scalar product of the vector of variogram 

function values between estimation point and datum points 

and the corresponding vector of weights. The kriging 

programs described above automatically provide either the 

kriging standard deviation or kriging variance. 

The adequacy of the variogram can be examined by 

cross-validation, that is by temporarily ignoring a datum 

point, using its neighbors to make a kriging estimate Z* at 

that location, then comparing Z* and S* to the datum value 

Z. Regressions and cumulative frequency plots of estimates 

and errors may then be extended with caution (Myers, pres. 

com., 1985 and 1986) to assess the confidence intervals 
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surrounding interpolated values away from the datum 

points. It is recognized that the kriging error 

distribution may not be Gaussian (Journel and Huijbregts, 

1978) but its shape should be a characteristic of the 

kriging scheme used. 

A related estimation technique, co-kriging, was not 

used at the site. This technique allows the value of a 

second parameter (or more) to be used to adjust the 

estimate of the first parameter where no nearby data for 

the first parameter exist. Myers (1985 and 1986) referred 

to this as the under-sampled case. In this exercise, 

elevation of the ground surface in the washes might be a 

likely choice for the second parameter, because it is 

readily available from topographic maps, and most of the 

wells were located in the bottoms of washes. Preliminary 

attempts at experimental covariograms, which are required 

in order to formulate covariogram models for use in co-

kriging, gave poorer matches to valid variogram models than 

did the experimental variograms of water-level elevations. 

Inasmuch as the new uncertainties likely to be introduced 

by using co-kriging appeared to be as great as those it 

eliminated, the technique was not pursued further. 

Kriging estimates of water-level elevation were 

made at intervals along the proposed SSC ring and 

confidence intervals were calculated. These were compared 
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with the proposed ring elevation to assess the probable 

distribution of undrained hydrostatic pressure heads at 

invert level. 

Laboratory Analysis of Water Samples 

After I performed laboratory determinations of pH 

specific conductance, and total alkalinity of the water 

samples collected from wells in the site area, I submitted 

the samples to the University of Arizona Analytical Center 

for analysis for major cations and anions (Ca, Mg, Na, K, 

Cl, S04, N03, and F) as well as dissolved silica and Ag, 

As, Ba, Cd, Cr, Cu, Hg, Pb, Se and Zn. This analytical 

suite was selected to permit evaluation of the water as a 

potential supply for drinking water and cooling water. The 

results of the analyses are discussed in Chapter 7. 

Surface Hydrology 

In order to assess the flash flood potential in the 

site area, I reviewed available flood-hazard boundary maps, 

from the Federal Emergency Management Administration, as 

well as a map showing flood-prone areas for the greater 

Santa Cruz Wash area (Arizona Water Commission and U.S. 

Department of Agriculture, 1984). The former maps did not 

cover the proposed site area, but the latter indicated a 

flood hazard of "slight" over most of the alignment, but 
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ranging from "slight to none" near Tinaja Peak and the 

Cerro Colorados to "most severe" in the larger washes. 

Neither Brooks (1984 through 1988) nor I was able 

to resolve the problem of estimating depth of scour in the 

stream channels near the proposed alignment. 

In addition I prepared a map of the sub-basins 

draining into the various watercourses crossed by the 

proposed SSC alignment. Using this map, Brooks (1984 

through 1988) subsequently prepared estimates of 50- and 

100-year peak floods in the larger washes using methods 

developed for the Arizona Department of Transportation by 

R. H. Roeske (1978) and subsequently modified by B. Reich 

et al. (1979) to reflect data collected at the Walnut Gulch 

Experimental Watershed operated by the U.S. Department of 

Agriculture. 

Of the 16 drainage basins whose area exceeds 3.9 

square kilometers (or 1.5 square miles, based on drainage 

area measured upstream of the proposed SSC alignment) 

Brooks' estimates of 50-year peak flow, with an estimation 

uncertainty of 79 percent, ranged from 54 to 177 ms/sec, 

averaging 105 m3/sec (Welty et al.,1988.) His estimates of 

100-year peak flow, with an estimation uncertainty of 86 

percent, ranged from 71 to 218 m3/sec, averaging 135 

m3/sec. 
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The area of the largest drainage basin was 51.5 

square kilometers (19.9 square miles.) 
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CHAPTER 5 

GEOSTATISTICAL ANALYSIS OF SIERRITA WATER LEVELS 

Introduction 

A geostatistical analysis was made of the water-

level data of the Sierrita site, in order to make a 

quantitative error analysis of water levels interpolated 

along the proposed tunnel alignment. This began with a 

comparison of various possible variogram models to the 

experimental variograms generated using two different 

collections of geostatistical analysis programs, the first 

being BLUEPACK and the second being STATPAC (U.S. 

Geological Survey, 1985). After selecting candidate 

variograms, I used BLUEPACK and STATPAC to cross-validate 

the selected models to determine which are most 

appropriate, then prepared potentiometric surface maps and 

profiles showing expected water levels and confidence 

intervals. The latter should be especially useful in 

assessing likely seepage rates. Unfortunately, measure

ments of the other aquifer characteristics are too sparse 

for similar analyses. 
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Available Data 

The data used in this study came from the WATSTORE 

computer records of the U.S. Geological Survey, Hydrolog-

ical Division (U.S. Geological Survey, 1985), from field 

notes and computer records of the Arizona Department of 

Water Resources (ADWR, 1986), from field measurements I 

made prior to December 1986 and measurements communicated 

to me by S.J. Brooks (1986). 

For the Sierrita SSC Site, water-level data are 

sparse, and much of the proposed ring is far from any datum 

point, as shown in Figure 1. Estimates along the ring must 

often be based on data several miles away, and the uncert

ainty introduced in these cases will be significant. 

Review of the data suggests that in many wells, 

especially the stock wells near the proposed ring align

ment, water levels have been approximately constant, while 

only a few show significant declines over a period of sev

eral decades. In Sopori Wash, two miles south of the ring, 

some water levels have in fact risen slightly, possibly as 

a result of reduced irrigation demands in the area. 

Measurements of aquifer parameters are even harder 

to come by, specifically two transmissivity measurements in 

stock wells (Welty et al., 1988), a few laboratory perm

eability tests at one mine (Miller, 1985 and 1986) and only 

estimates of the other parameters (Davidson, 1973). 
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Approach 

In generating a water-table map, two approaches are 

possible. In a region where the surface is known to be 

changing relatively rapidly and wells are easily 

accessible, the water levels used should be measured within 

a fairly brief time interval, commonly a matter of days or 

weeks. Where the surface is thought to be relatively 

static and where there are few accessible wells, the time 

period in which measurements are included may have to be 

extended considerably, in effect lumping the data, and the 

resulting map will no longer represent the conditions at 

any particular time. 

For the purposes of this investigation, the less 

rigorous approach of lumping the data has been followed. 

This assumes that wells with water-level declines large 

enough to be significant to this study probably will have 

attracted attention by needing to be deepened, cleaned or 

the pump reset, and probably will have been remeasured at 

the time. The other uncertainties introduced in this study 

have been assumed to mask the effects of smaller, 

undocumented declines. Data which are truly suspect were 

eliminated for some runs, to see what effect they had. 
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Kriaina 

Many techniques are recognized for interpolating 

the value of a distributed random function (e.g. water-

table elevation across a site) between datum points. Some 

schemes are exact, that is the locus of interpolated values 

contains the datum points. Inverse distance models and 

kriging are exact estimators (Myers, 1985c). An inexact 

scheme yields a locus of estimated values which generally 

does not contain (ie. match) the datum points. Trend 

surfaces and least-squares estimators are inexact 

estimators (Myers, 1985d). 

In addition to being an exact estimator, kriging 

also provides a quantitative estimate of the uncertainty 

associated with its estimate at some point, based on the 

autocorrelation characteristics of the population of data 

used and the positions of the datum points used in the 

interpolation relative to the point of estimation (Journel 

and Huijbregts, 1978) . That is why the technique was 

selected for this study. 

The shapes of several valid variogram functions 

(Journel and Huijbregts, 1978) are plotted on arithmetic 

scales in Figure 2, and on logarithmic scales on Figure 3. 

Inspection of the two figures will show that power vario

gram models are much easier to identify on 
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logarithmic scale, although this is not commonly exploited. 

Beginning with a specified number of datum values Zj 

corresponding to datum locations i, the estimated value Z*0 

for point 'o' is the weighted average 

Z*0 - SUM} ( A oi * Zj) 

where the vector elements y oi form the system of weights, 

\,i applied to datum values 'i' to estimate the value at 

point 'o' is determined by solving (for \ 0i through x0n) 

the system: 
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where V = the Lagrange multiplier, and Y #b = the value 

of the variogram function for the distance between points a 

and b. It is considered desirable for all ^oi be non-

negative (Myers, 1985c and Myers, pers. com., 1985 and 

1986). 
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Similarly the kriging variance aJoK at point "o" is 

the weighted average of the variogram function values yoi 

corresponding to the separations between point "o" and the 

datum locations "i" used to make the estimate at "o"; that 

is: 

aJoK = SUMi [ Xoi * Yoi (x0 ~ *i) ] ~ p 

(Myers, 1985c). 

Experimental Varioarams 

Initially, the program BLUEPACK (a proprietary 

software package) was used to generate experimental 

variograms of depths to water and of water level 

elevations. In some runs, suspect data or data associated 

with anomalous conditions in the aquifer, such as potential 

perched aquifers and drawdown cones from mine dewatering, 

were eliminated. In other runs the lag, or width of 

interval over which the sample covariances were calculated, 

was varied to see what change this made to the experimental 

variogram plot. 

BLUEPACK was also used to generate variograms of 

the residuals left after subtracting a first-order or 

second-order trend surface from the initial data, and also 

to generate directional variograms, that is variograms from 

pairs of datum points separated mostly along a particular 

direction. The latter is particularly useful for 
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determining whether the data correlate better in one 

direction than in another. 

In 1988, to account for a revised size and 

orientation of the proposed SSC alignment, and to include 

water levels provided by Brooks (written communication, 

1988), a check of the structural analysis was performed. 

From the revised data, the programs CARFIL, SS2DPREP, 

SS2DVCTL, and SS2DGAMH, some of the geostatistical programs 

in STATPAC (U.S. Geological Survey 1985), were used to 

generate new experimental variograms. The program CARFIL 

was used to convert the data to binary format, SS2DPREP was 

used to sort the binary files and eliminate duplications, 

SS2DVCTL was used to prepare files of control parameters, 

and SS2DGAMH was used to calculate the experimental 

variograms. 

The various experimental variogram plots, generated 

as printer plots, were compared with valid variogram 

models, and the parameters needed to match the models with 

the experimental plots were recorded. In addition, the 

variogram results were also plotted on logarithmic scales, 

to see if power variogram models might be appropriate. 

Selected models were then cross-validated. In 

BLUEPACK this is performed using the option called "Thomas" 

after Doubting Thomas (Myers, 1985 and 1986) and in STATPAC 

it is performed by the program called SS2DXVAL (U.S. 
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Geological Survey, 1985). Each of these programs makes a 

kriging estimate at each datum point in turn, as if the 

point were unknown, and then performs regressions on the 

data and estimates, and on the errors and estimates. This 

was used to check the appropriateness of the variogram 

models. If the proposed variogram model is suitable, the 

estimates and data should correlate well (Myers, 1985a). 

The cross-validation results were used to select suitable 

variogram models to describe the distributions of depth to 

water and elevation of the potentiometric surface. 

The selected variogram model for elevations was 

then used to make kriging estimates of water elevation at 

one-mile intervals along the proposed ring alignment, based 

on the water-level data. In addition, the kriging standard 

deviation at each interval was calculated according to the 

variogram function and the positions of neighboring datum 

points. In BLUEPACK, the function called "POINTS" was used 

to accomplish this; in STATPAC, the program SS2DXVAL was 

used which, as one of three options offered, used a 

specified number of entries from a file as data from which 

to make kriging estimates at the locations specified by the 

remaining entries in the same file. Many of the functions 

available from the STATPAC programs were not clearly 

described in the STATPAC documentation (U.S. Geological 
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Survey, 1985). I learned the additional capability of 

SS2DXVAL only by inspection of the program itself. 

The same variogram model was also used to make 

kriging estimates every mile along a grid covering the site 

area. The kriging results are discussed in the next 

chapter. 

Results 

Preliminary Water-level Data 

The data used for the preliminary variogram 

analysis using BLUEPACK comprised the most recent water 

levels available prior to December 1986, as shown in Table 

1. Because metric contours were not available for the 

entire site, elevations and coordinates were kept in feet 

to avoid potential conversion error. Approximate Arizona 

State Grid coordinates of the wells were scaled manually 

from available U.S. Geological Survey 15-minute and 7-1/2 

minute quadrangle maps. A scatter diagram of water level 

elevation against ground elevation (Figure 4) shows that 

the water levels correspond roughly with the ground sur

face. The scatter plot of water depth against ground 

elevation (Figure 5) shows little systematic variation of 

depth along the slope. Neither plot includes water levels 

measured in mines or springs. 



45 

TABLE 1 
SIERRITA AREA WELLS USED IN INITIAL GEOSTATISTICAL ANALYSIS 

STATE GRID GROUND DEPTH TO DATE WELL 
COORDINATES (FT) WELL NUMBER ELEV. WATER MEASURED NAME 
EAST NORTH (FT MSL) (FT) (YYMM) 

693250. 319600. 1810 11CAA 3610. 10.82 8412 
724400. 323400. 1811 02CDB 5250. 412. 8604 SHILOH WELL 
728050. 325750. 1811 02 ADA 4800. 83. 8604 CEMETERY WELL 
734050. 275150. 1912 3 0BBB 3490. 175. 8604 BANOS WELL 
723850. 276200. 1911 23CCB 3555. 182.85 8201 ADOBE HOUSE WELL 
725750. 288000. 1911 11CAA 3825. 219.6 8604 KENNY WELL 
713900. 282700. 1911 16CBA 3698. 28.8 8201 BATAMOTE WELL 
737750. 297300. 1812 31CDB 3850. 48. 7211 ESCONDIDO WELL 
743050. 357800. 1712 05 ADA 3700. 16.82 8206 NAVARRO RANCH 
738450. 358900. 1712 05BBB 3723. 34.3 8206 MICKY RYE WELL 
707200. 353800. 1711 05CCC 3775. 42.7 8412 MINE WELL 
689550. 314100. 1810 15DBB 3544. 46.5 8412 SECTION WELL 
689700. 307000. 1810 22DCC 3518. 32.2 8412 CINCO DE MAYO 
702100. 305400. 1810 26ADA2 3825. 39.5 8604 SAN JUAN RANCH N 
702150. 305050. 1810 26ADA1 3805. 15.0 8604 SAN JUAN RANCH S 
686100. 305400. 1810 28ADA 3430. 90.2 8412 
668600. 306500. 1809 25ABA 3125. 435.82 8412 
704250. 291600. 1911 06CDB 3650. 16.35 8412 PAPAGO WELL 
699300. 318500. 1810 12CDA 3975. 218.0 8412 
691750. 361500. 1610 35CBC 3253. 765. 6201 
686200. 349400. 1710 10CCC 3290. 711.3 8412 MOLLEN WELL 
708600. 308150. 1811 20CBD 3755. 18.10 6706 SIERRITA WELL 
718900. 267500. 1911 34BCC 3650. 175.5 8608 BOB BROWN WELL 
727900. 260850. 2011 02DAC 3440. 126.4 8604 NEW WELL 
727950. 256050. 2011 11DAC 3370. 35. 8604 SOPORI SCHOOL 
721750. 250000. 2011 15DCA 3410. 40. 8604 KX RANCH FIELD 
726750. 254650. 2011 11DCC 3382. 46.4 8202 
721350. 247550. 2011 2 2 ABC 3435. 56.7 8202 KX RANCH 
740000. 250850. 2012 05CBB 3272. 20.0 8202 
691300. 255700. 2010 10DAB 3523. 10.59 8412 AMADO WELL SE 
695100. 253550. 2010 11CDD 3565. 10.09 8412 SHIRLEY WELL 
738850. 365500. 1612 29CBC 3555. 11.90 8604 COTTONWOOD RANCH 
745050. 366400. 1612 29DAD 3465. 23.10 8604 COTTONWOOD ENT. 
747200. 273550. 1912 28BDA 3322. 354. 6406 POWER LINE WELL 
756650. 262000. 2012 02CBA 3138. 148. 8604 
755100. 261500. 2012 03 DAD 3144. 160. 8604 
688300. 363750. 1610 34BAA 3096. 603.9 8312 
755700. 351550. 1712 11 CAB 3572. 66.54 8112 
761000. 334800. 1712 25CBD 3557. 76.30 8201 
754600. 336300. 1712 26BCC 3714. 115. 8201 
699300. 318500. 1810 12CDA 3975. 298.6 8104 
754350. 322800. 1812 03DCD 3755. 9.46 8201 



TABLE 1 (Continued) 

SIERRITA AREA WELLS USED IN INITIAL GEOSTATISTICAL ANALYSIS 

STATE GRID GROUND DEPTH TO DATE WELL 
COORDINATES (FT) WELL NUMBER ELEV. WATER MEASURED NAME 
EAST NORTH (FT MSL) (FT) (YYMM) 

764700. 306700. 1812 25AAA 3330. 185.2 8112 
767100. 312100. 1813 18CAC 3345. 194.30 8112 
696250. 246150. 2010 23ACD 3677. 18.6 8412 
678950. 237750. 2010 29CDD 3590. 8.91 8412 MONTANO RANCH 
686750. 244700. 2010 21DAD 3722. 43.84 8412 MARY-G MINE 
773650. 301800. 1813 29DCC 3159. 345.9 8112 
774450. 301800. 1813 29DDC 3107. 292.5 8112 
718450. 245400. 2011 21DAA 3449. 36.7 8512 
750700. 264700. 2012 03BBB 3175. 163.3 8512 
682950. 389250. 1610 31ABC 2541. 166.9 8412 
759750. 260750. 2012 02DAC 3112. 154.7 8412 
767550. 261900. 2013 06CBA 3064. 29.4 8412 
766050. 268850. 1912 36ADA 3095. 122.7 8201 
763450. 266850. 1912 3 6 CAD 3119. 159.8 8201 
764950. 265800. 1912 36DDA 3075. 99.1 8202 
678300. 251500. 2010 17BDB 3480. 13.2 8105 SILVER HILL MINE 
753300. 261600. 2012 03DBC 3157. 182.5 8202 
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Preliminary Analysis of Experimental Variograms 

In examining the variogram plots of water-level 

elevations, with few data available, the trends become 

easier to see as the width of the lag interval increases, 

as can be seen by comparison of Figure 6, in which the lag 

is 1200 meters (4000 feet) with Figure 7 in which the lag 

is 2400 meters (8000 feet). Analysis of the variogram 

plots shows generally marginal to poor fits with the 

standard, spherical model. Variograms of depth to water, 

as in Figure 8, show similar shapes. The variogram 

interpretations are summarized in Table 2. 

These variograms suggest that on average, a datum 

value should be better than the sample mean for estimating 

a water level elevation up to 9 kilometers (30,000 feet) 

away. Closely-spaced datum points, where available, have 

almost identical values. 

The broad oscillation beyond that range is thought 

to result from the uneven geographic distribution of the 

data, similar to what Journel and Huijbregts (1978) term a 

"hole effect". This is probably so few pairs of points are 

at that separation, and the average covariance at that 

range is thus very sensitive to anomalous values. The fact 

that wells close to the mountain, which may form a separate 
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TABLE 2 
POSSIBLE VARIOGRAM MODELS FOR SIERRITA SITE 

VARIABLE VAR. DATA LAG RANGE SILL ANISOTROPYs CROSS-VALIDATION 
MODEL EXCL. ANGLE Rmax 
TYPE X-O-R /Rmin R R ESE MSE Odd 

7 * 7  P T *  Q  

(Ft) (Ft) (Ft**2) (Pea) ^^ 
DEPTH TO WATER: 

RAW SPHER - 5000 30000 18000 
RAW SPHER MINES 2500 27500 18000 
RESIDUAL SPHER - 5000 30000 20000 
RESIDUAL SPHER - 4000 30000 17000 
R A W R E C O  -

100 
1.00 
2.20 
1.00 
1.00 

.519 

.775 
.331 -26.9 
.417 

.663 .084 

.41 

1.38 

WATER 
ELEVATION: 

RAW SPHER - 5000 (PURE DRIFT OR EXPONENTIAL) 
RAW SPHER - 4000 51000 330000 70 1.50 
RAW POWER - 4000 1.76 .0023 - 1.00 
RAW POWER - 5000 1.2355 .0571 - 1.00 .765 .245 -69.8 6.62 10 
RAW POWER - 8000 1.5 .0376 - 1.00 
RAW RECO - - - - - - .928 .131 -7.3 .558 14 
RESIDUAL SPHER - 2500 39000 220000 90 2.25 
RESID. (A) SPHER - 4000 42000 120000 105 3.50 
RESID. (B) SPHER - 4000 40000 120000 - 1.00 
RAW SPHER MINES 2500 53000 300000 75 1.60 
RAW (A) POWER MINES 5000 1.9999 .000121 - 1.00 .907 .06 -14.9 .334 6 
RAW (B) POWER MINES 5000 1.704 .0028 - 1.00 .941 .028 -13.7 .544 0 
RAW (N. 3) POWER MINES 5000 1.704 .0028 - 1.00 .91 .115 -18.5 .658 0 
RAW (N. 4) POWER MINES 5000 1.704 .0028 - 1.00 .866 .027 -24.4 .946 2 
RAW POWER MINES 8000 1.986 .000186 - 1.00 
RESID. (A) SPHER MINES 2500 50000 18000 - 1.00 .521 .36 17.7 1.05 3 
RESID. (B) SPHER MINES 2500 50000 110000 - 1.00 .563 .346 19.4 .363 0 
RESIDUAL SPHER MINES 4000 51000 20000 40 2.12 

NOTES: 
1. Gajmnaspher = (i.5*h/Range - 0.5Mh3/Range3)) * Sill, for h < Range 

Gammasher jhj = sill, for h > Range 
Gamna power(h) = Sill * h(Range) 

2. Cross-validated (using "THOMAS") over a neighborhood with 
max. radius = 50000 ft. (15 km) and up to 16 datum points. 
ESE = SUM (z* - z) /N ; MSE = SUM ((z* - z)®2) / (N S*®2) 

n->N n->N 
3. As above but max. radius = 100000 ft. (30 km) and up to 10 datum points. 

4. As above but max. radius = 100000 ft. (30 km) and up to 20 datum points. 
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statistical population, are generally spaced farther apart 

than the other wells probably also contributes to the 

shape. 

The spherical variograms show anisotropic 

character, that is, the range in a north-south direction 

was 1.5 to 3.5 times greater than in the east-west 

direction. 

On logarithmic-scale plots (Figures 9 and 10) the 

variograms are nearly straight up to ranges of the order of 

30,000 feet (9 kilometers); this suggests that power models 

for the variogram are probably appropriate. The effect of 

increasing lag is still noticeable, but less than on the 

arithmetic-scale plots. Suitable power-model 

interpretations are summarized in Table 2. Anisotropic 

power models might be appropriate, but are considered 

unnecessary because the isotropic models work so well al

ready. 

In general, the variograms of depth to water show 

lower sills and shorter ranges than the variograms of 

water-level elevation do. In addition, for both depth and 

elevation, the range is greater and the sill smaller for 

populations from which mine and spring data are excluded, 

which suggests that these data are anomalous. 
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Crpgg-validati<?n 

According to Myers (1985a) a fixed rule for 

identifying the "best" variogram model from cross-

validation results does not exist. Ideally, kriged 

estimates at datum points should be identical to true 

values, and data and estimates should have identical 

statistical parameters. 

The kriged estimates in general fall short of this 

ideal, most notably those based on the residual 

variograms. Selected cross-validation results are shown in 

Table 2. 

The first criterion used to judge variogram models 

was the correlation between data and estimates at 

datum points. Ideally, R,«tI should be 1.00 (Myers, 

1980a). For water elevations, the correlations obtained 

from spherical models tend to be poorer those from the 

power models. 

The power models give reasonably good correlations, 

the best for the preliminary set of water-level data being 

R,*ig = 0.941 using all datum points other than springs or 

the open pit mines, and using estimates based on the 

variogram model 

\(h) = 0.0028 h 1704 
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where Yp(h) = power variogram function 

h = distance (in feet) 

The estimates made with this power model are, on 

average, 4.2 meters (13.7 feet) lower than the true water 

levels (ESE * -13.7.) Judging by the mean squared error 

(MSE « SUM((z* - z)* / (N S**)) - 0.544, the estimates 

match the data better than the kriging standard deviation 

(S*) would suggest. The errors using this model are 

independent of the estimates (R,*,, = 0.028) and unlike 

most of the other models tested, no estimate is more than 

2.5 S* off the true value. 

A cumulative frequency plot of the number of 

kriging standard deviations by which the kriging estimate 

exceeds the original datum value is shown in Figure 11. 

This plot shows that for the preliminary data set excluding 

mine bottom levels, 62.4% of the data exceed the 

corresponding kriging estimates, but 9.9% exceed the 

estimates by more than one kriging standard deviation (S*) 

and 2.0% by more than 2S*; similarly 92.1% are greater than 

the estimate minus S*. 

For comparison, in a Gaussian distribution, 

probability tables (Benjamin and Cornell, 1970, and others) 

show the mean should be exceeded by one standard deviation 

(1 - .8413) = 15.87% of the time, and by two SD's 

(1-.97725) = 2.275% of the time. A normal or Gaussian 
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distribution would plot as a straight line on this type of 

plot; the kriging errors plot on S-shaped curves, 

indicating that their distribution is not strictly normal. 

Qualitatively, this suggests that this variogram 

model gives a good balance between nearby and distant datum 

points, but yields a kriging standard deviation which 

slightly exaggerates the actual error of estimation. 

Applied to the full set of data (i.e. with open-pit 

and spring data included) the same model did not work as 

well, giving R,*, = 0.738, and eight "wild" estimates 

((z* - z) / S* > 2.5 ) mainly around the mines. The best 

model tested on the full data set did not perform 

significantly better than this, with R,*, = 0.775, seven 

wild estimates, and the estimates averaging 22 meters (71.8 

Feet) lower than the datum values. 

For the full preliminary data, RECO, the BLUEPACK 

automatic structure recognition program, gives a better 

correlation between data and estimates, but identifies 14 

wild estimates. 

According to Myers (1985 and 1986) STATPAC does not 

include a structure recognition program. 

Cross-validation shows the variogram models, and 

even the RECO result, proposed for depths to water are 

generally less successful than those for elevations. The 



61 

best spherical model found, which has a range = 9 

kilometers (30000 feet) and sill = 1680 meters2 (17,000 

feet2), gives R,., = 0.775 which is poorer than most of 

the results for elevations. 

Revised Water-level Data 

In 1988 I revised my preliminary data to include 

additional water levels provided by Brooks (1988) and to 

include corrections in some well coordinates, after 

plotting the wells from the coordinates to spot errors. 

Brook's data were tabulated by latitude and 

longitude. Rather than try to plot each point manually, 

then scale off its Arizona State Grid coordinates again, I 

prepared a spreadsheet to estimate its coordinates directly 

from latitude and longitude. The trigonometric functions 

are based on a description of state grid systems in Kissam 

(1956) , and were calibrated using regressions of functions 

of the approximate grid coordinates of selected corners of 

the 7-1/2 minute quadrangle maps. The coordinates agree to 

within 150 feet, close enough for this study and possibly 

closer than rescaling the points off the maps. The revised 

water-level data are given in Table 3. Note that the 

coordinates given in this table are the Arizona State Grid 

coordinates, listed in Table 2, converted from feet to 

miles. This was done to reduce the coordinate pairs to 
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TABLE 3 
REVISED SIERRITA AREA WELL DATA USED FOR GEOSTATISTICAL ANALYSIS 

STATE GRID COORD- WATER GROUND DEPTH TO DATE TOWNSHIP SECTION 
INATES (MILES) LEVEL LEVEL WATER MEASURED 

X Y (FT MSL) (FT MSL) (FT BGL) (YYMM) 
137.86 49.403 3313.6 3440 126.4 8604 2011 2 
147.476 54.717 2855 2955 100 0 1913 9 
146.965 53.22 2880 2978 98 0 1913 17 
145.785 51.394 2956 3030 74 0 1913 30 
141.515 51.809 2968 3322 354 6406 1912 28 
139.025 52.112 3315 3490 175 8604 1912 30 
145.085 50.919 2972.3 3095 122.7 8201 1912 36 
144.593 50.54 2959.2 3119 159.8 8201 1912 36 
144.877 50.341 2975.9 3075 99.1 8202 1912 36 
137.453 54.545 3605.4 3825 219.6 8604 1911 11 
135.208 53.542 3669.2 3698 28.8 8201 1911 16 
137.093 52.311 3372.2 3555 182.9 8201 1911 23 
136.155 50.663 3474.5 3650 175.5 8608 1911 34 
131.755 50.685 3490 3700 210 0 1910 35 
124.584 55.745 2729 3054 325 0 1909 3 
124.855 53.68 2773 3097 324 0 1909 15 
148.651 61.021 2592 2932 340 0 1813 10 
147.025 60.091 2752 3174 422 0 1813 16 
146.996 59.613 2765 3155 390 0 1813 16 
145.284 59.11 3150.7 3345 194.3 8112 1813 18 
146.525 57.159 2813.1 3159 345.9 8112 1813 29 
146.676 57.159 2814.5 3107 292.5 8112 1813 29 
144.83 58.087 3144.8 3330 185.2 8112 1812 25 
139.725 56.307 3802 3850 48 7211 1812 31 
125.622 61.131 2653 2955 302 0 1809 2 
125.02 60.552 2683 2923 240 0 1809 11 

126.629 58.049 2689.2 3125 435.8 8412 1809 25 

126.617 57.999 2691 3125 434 0 1809 25 

124.347 57.658 2728 3015 2 87 0 1809 27 
150.602 65.896 2568 2705 137 0 1713 13 
146.799 65.985 2879 3161 282 0 1713 17 
145.336 65.228 3157 3360 203 0 1713 18 
146.307 64.201 2959 3250 291 0 1713 20 

146.78 64.205 2617 3195 57 8 0 1713 20 

142.917 63.693 3599 3714 115 8201 1712 26 

129.962 66.174 2578.7 3290 711.3 8412 1710 10 
126.065 67.756 2549 2727 178 0 1709 1 

125.785 64.711 2606 2844 238 0 17 09 23 

125.778 62.72 2643 2890 2 47 0 1709 35 

133.854 72.077 2207 2906 699 0 1611 8 

127.495 68.933 2374.1 2541 166.9 8412 1610 31 

130.36 68.892 2492.1 3096 603.9 8312 1610 34 

131.013 68.466 2488 3253 765 6201 1610 35 
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TABLE 3 (Continued) 
REVISED SIERRITA AREA WELL DATA USED FOR GEOSTATISTICAL ANALYSIS 

STATE GRID COORD- WATER GROUND DEPTH TO DATE TOWNSHIP SECTION 
INATES (MILES) LEVEL LEVEL WATER MEASURED 

X Y (FT MSL) (FT MSL) (FT BGL) (YYMM) 
146.699 55.841 2828 3080 252 0 1913 5 
133.381 55.227 3633.7 3650 16.4 8412 1911 6 
142.869 61.136 3745.5 3755 9.5 8201 1812 3 
137.888 61.695 4717 4800 83 8604 1811 2 
137.197 61.25 4838 5250 412 8604 1811 2 
131.297 60.53 3599.2 3610 10.8 8412 1810 11 
132.443 60.322 3757 3975 218 8412 1810 12 
130.597 59.489 3497.5 3544 46.5 8412 1810 15 
130.625 58.144 3485.8 3518 32.2 8412 1810 22 
132.983 57.775 3790 3805 15 8604 1810 25 
132.973 57.841 3785.5 3825 39.5 8604 1810 25 
129.943 57.841 3339.8 3430 90.2 8412 1810 28 
140.729 67.765 3683.2 3700 16.8 8206 1712 5 
139.858 67.973 3688.7 3723 34.3 8206 1712 5 
143.125 66.581 3505.5 3572 66.5 8112 1712 11 
144.129 63.409 3480.7 3557 76.3 8201 1712 25 
133.939 67.008 3732.3 3775 42.7 8412 1711 5 
133.916 67.044 3660 3750 90 0 1711 8 
139.934 69.223 3543.1 3555 11.9 8604 1612 29 
141.108 69.394 3441.9 3465 23.1 8604 1612 29 
145.369 49.602 3034.6 3064 29.4 8412 2013 6 
143.305 49.621 2990 3138 148 8604 2012 2 
143.892 49.384 2957.3 3112 154.7 8412 2012 2 
142.178 50.133 3011.7 3175 163.3 8512 2012 3 
143.011 49.527 2984 3144 160 8604 2012 3 
142.67 49.545 2974.5 3157 182.5 8202 2012 3 
140.937 49.983 3203 3215 12 0 2012 5 
140.154 49.614 3252 3272 20 8202 2012 5 
140.027 49.077 3276 3300 24 0 2012 7 
137.869 48.494 3335 3370 35 8604 2011 11 
137.724 48.506 3341 3385 44 0 2011 11 
137.642 48.229 3335.6 3382 46.4 8202 2011 11 
138.448 47.918 3330 3445 115 0 2011 13 
136.695 47.348 3370 3410 40 8604 2011 15 
13 6.07 46.477 3412.3 3449 36.7 8512 2011 21 
136.619 46.884 3378.3 3435 56.7 8202 2011 22 
130.928 48.428 3512.4 3523 10.6 8412 2010 10 
131.648 48.021 3554.9 3565 10.1 8412 2010 11 
128.466 47.633 3466.8 3480 13.2 8105 2010 17 
130.066 46.345 3678.2 3722 43.8 8412 2010 21 
131.866 46.619 3658.4 3677 18.6 8412 2010 23 
128.589 45.028 3581.1 3590 8.9 8412 2010 29 
134.205 58.362 3736.9 3755 18.1 6706 1811 20 
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pairs of small numbers to avoid format problems I found in 

some STATPAC programs. 

Revised Variograms 

Variograms generated after revising the water-level 

data are very similar to those generated with my original 

data, mostly because the revisions are minor, and the 

shapes of the experimental variograms are similar. For 

that reason, the detailed structural analysis performed 

with the original data has not been repeated. Experimental 

variograms generated using the STATPAC program SS2DGAMH 

with the revised water level data suggested that an 

appropriate variogram for the water level elevations would 

be a power variogram of the form 

Y p s 11,000 h166 

Kriqino Results 

Kriging al<?nq the Prpppgefl Ring 

Kriging estimates and kriging standard deviations 

calculated using SS2DXVAL and a power variogram, were 

generated at one-mile intervals along the proposed ring. 
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These are plotted on the geological profile, Plate 2. For 

this variogram model, the kriging standard deviation ranges 

from 19 meters to 87 meters (63 feet to 291 feet), and 

generally falls between 30 and 49 meters (100 and 160 

feet). 

Application of the revised cross-validation results 

(Figure 11) to all the estimates along the ring suggests 

that the potentiometric surface profiles in Plate 2 may be 

considered to represent the elevations above which the 

probabilities are 4%, 11%, 53%, 90% and 95.6% (from top to 

bottom, respectively) that the actual water level will 

occur, except that in the absence of a confining layer, the 

true water elevation profiles for all but the very lowest 

probabilities probably do not rise as far above the ground 

surface, as is otherwise predicted in Plate 2. 

Estimates on a Grid 

Kriging estimates of potentiometric surface 

elevation were made at 1.6-kilometer (one-mile) grid 

intersections across the entire site area. A contour map 

of this is shown in Plate 1. Areas where the kriging 

standard deviation, S*, is less than 30 meters (100 feet) 

have been contoured with solid lines; dashed contours 

denote estimated potentiometric surface elevations where S* 

is more than 30 meters (100 feet). 



Discussion 

66 

Application of the Results 

Because it is based partly on old data, the water-

level interpolation presented here should not be regarded 

as a new profile or new information. What is new, and the 

main objective of this thesis, is a quantitative estimate 

of the uncertainty of the estimates of the water-level data 

at points along the proposed tunnel, away from known data. 

This estimate has been used to generate profiles 

along the proposed SSC ring of the expected excess 

hydraulic pressure heads, at the tunnel elevation, 

associated with selected probabilities of occurrence. The 

wide vertical separation between the profiles (S*) is a 

function of the autocorrelation properties of the available 

data and their locations. Where the data are close to the 

ring, the profiles are closer together, which indicates 

less uncertainty in the estimates. How much confidence to 

ascribe to each profile has been determined by 

cross-validation of kriging estimates against the real 

data. 

Significance of the Results 

Inspection of the profile of anticipated water 

levels on the geological profile reveals that the proposed 
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tunnel alignment lies above the water table in the most 

permeable ground on the east and west flanks of the 

Sierritas, but where it crosses the axis of the range 

through the Ruby Star Granodiorite in the north and 

steeply-bedded volcanic rocks in the south, it lies 

considerably below. 

Both these igneous formations are considered 

relatively impermeable (Davidson, 1973) mainly on the basis 

of the apparent lack of tectonic deformation since deposit

ion. If this is so, the high hydrostatic pressures 

expected, during and after tunnel construction, might not 

result in large inflows to the tunnel. This can be 

evaluated through systematic drilling and field hydraulic 

testing along the proposed alignment, to refine the 

estimated orientation of the water table/potentiometric 

surface, and to determine whether hydraulic conductivities 

are in fact low enough to permit tunneling in spite of high 

water pressures. 

Summary of Geostatistical Results 

About half the proposed Sierrita SSC ring profile 

lies above the probable water table or piezometric 

surface. As different levels of confidence are demanded, 

the portion changes from 71 kilometers (44 miles) at the 4% 

confidence level to 14 kilometers (8.5 miles) at the 95% 

confidence level. Elsewhere the estimated water level 
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elevations may be over 150 meters (500 feet) higher than 

the proposed tunnel, which may result in potential 

hydrostatic pressures at tunnel level exceeding 1400 kPa 

(200 psi) prior to drainage. Again, estimates of these 

pressures depend on the confidence level. 

The broad range of uncertainty is the result of the 

sparsity of water level data in the site area, and could be 

reduced if additional wells or exploratory boreholes were 

installed near the proposed alignment. 

Hvdroqeoloaical Significance of the Geostatistical Results 

Most of the intervals of proposed tunnel alignment 

passing below the potentiometric surface are in igneous 

rocks near the axis of the Sierritas. Various experts 

believe these rocks have very low hydraulic conductivities, 

although this is based primarily on surface observations 

(Welty et al., 1988). Numerous hydrological tests in 

boreholes along the alignment would need to be performed to 

test this possibility before the design of tunnels and 

drainage systems could be finalized. These tests include: 

falling-head tests in the boreholes during 

drilling and after completion; 

examination of drill cuttings, core if 

available, and drilling fluid return for 

evidence of water-bearing fractures; 
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regular measurement of water levels during 

breaks in the drilling and after 

completion; 

Geophysical logging of the holes to 

identify potential water-bearing fractures; 

testing, using packers or similar means, of 

the hydraulic properties of any individual 

fractures likely to extend to tunnel level. 

Inasmuch as the first exploration holes available 

would probably be located at proposed shaft sites, at 

regular intervals along the ring, these holes may not 

represent the conditions which might control tunneling 

progress, but could still provide useful hydrogeological 

information. 

Should the conditions encountered be highly 

favorable, additional suitable drilling sites ought to be 

identified using remote sensing or surface geophysical 

results which may indicate likely zones of shear. Such 

zones might be water-bearing due to greater secondary 

permeability, with potential for significant inflows into 

an opening deep below the potentiometric surface. 
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As more hydrogeological data become available, 

analytical and numerical models can be applied to estimate 

inflows to the proposed tunnel. The water-level profiles 

generated as part of the present study should be a useful 

component in a probabilistic analysis of inflows based on 

such models. 
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CHAPTER 6 

DEWATERING REQUIREMENTS 

One important aspect of the behavior of any tunnel, 

proposed or in service, is the rate and location of water 

inflow. Assessment of the potential for inflows requires 

an estimate of the hydraulic heads along the tunnel 

alignment, as well as permeability data, recharge and other 

aquifer characteristics. 

Inspection of the geological profile along the 

proposed tunnel alignment with estimated potentiometric 

surface superimposed indicates that in two intervals, the 

first between kilometers 74, 0 and 14.5 (miles 46, 0 and 9) 

and the second interval between kilometers 31 and 48 (miles 

19 and 30) the proposed tunnel alignment lies below the 

kriged potentiometric surface. In the first interval, the 

rock is predominantly Ruby Star Granodiorite, which is 

expected to have low hydraulic conductivity and, therefore, 

pose little problem in terms of dewatering. In the second 

interval, the tunnel would initially be in Tertiary Tinaja 

Peak fanglomerates, which have been demonstrated by Brooks 

(1986) to have moderate hydraulic conductivity in at least 

one location, and then into Tertiary volcanics, including 

rhyolite flows and in Mesozoic andesites, for which no 



72 

permeability information is available, and in older 

Tertiary fanglomerates, which according to Davidson are 

likely to have a low hydraulic conductivity. 

As a simplified example of a probabilistic analysis 

of seepage, consider a hypothetical segment of tunnel 

between miles 19.3 and 20.7, several years after 

construction through Tertiary Tinaja Peak Fanglomerate 

under the western flank of Cerro Colorado. Eventually, 

seepage of ground water into the tunnel might be expected 

to form a trough of depression in the potentiometric 

surface. Assume this depression is shaped roughly like a 

triangular prism, 1.4 miles (2250 meters) long and aligned 

with the tunnel, which forms the bottom edge of the prism. 

Assume also for this exercise that of all the average 

annual rainfall of 430 mm/year (17 inches/year according to 

Welty et al., 1988) only the infiltration "I" (assume 5% of 

the average annual precipitation, say 5% x 17 inches/yr, or 

2 x 10"4 ft/day or 6 x 10"B meter/day) seeping into that 

prism ended up seeping into the tunnel. Let w = the length 

of the tunnel segment, 2250 meters (1.4 miles or 7400 

feet) ; h = the depth of the tunnel below the assumed 

potentiometric surface, L = the distance from the tunnel to 

the edge of the trough, i = the hydraulic gradient = h / L 

and T = transmissivity of the fanglomerate = 12.5 

meters2/day (= 135 ft2/day as measured by Brooks, 1986, 
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based on a recovery test in Bob Brown Well near the 

proposed alignment). 

Considering only one side of the trough, the half-

inflow Q/2 could be estimated as: 

Q/2 = T i w (Darcy Equation) 

- T h w / L 

Note that the h/L has been substituted for the gradient 

term i. By mass balance, the total infiltration into half 

the trough is approximately 

Q/2 = I w L 

Substituting and rearranging terms, 

Q L / 2 w  =  T h  =  I L 2 ,  o r  

L = Sq. Rt.(T h / I) 

where, again, I is infiltration, not gradient. 

Q/2 = T h w /(Sq.Rt. (T h /I)) 

= w Sq. Rt. (T h I) 

Therefore, 
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Assuming 30 meters (100 ft) of submergence, 

Q/2 =7400 ft*Sq.Rt.(135 fta/day*100 ft * 

(2*10"4ft/day)) 

= 7400 ft*l. 64 ft2/day 

= 12000 ft'/day = 60 gpm or 3.9 liters/sec. 

Note that this represents a half-inflow; expected 

tunnel inflows would be double this amount. Similarly with 

25 feet (7.6 meters) of submergence, the half-inflow, 

Q/2 = 30 gpm (1.9 liters/sec). 

Inspection of the cross section between kilometers 

31.1 and 33.3 (miles 19.3 and 20.7) shows the alignment 

about level with the Z* - S profile (generated by kriging), 

approximately 20 meters (60 feet) below the profile of 

kriged water elevation (Z*) and 45 and 90 meters (150 and 

250 feet) below the profiles of Z* = S and Z* + 2S, 

respectively. These would have associated half-inflows of 

0, 3, 4.8 and 6.2 liters/sec, respectively. 

The cross-validation results show the probabilities 

that the true potentiometric surface is higher than these 

profiles to be 88%, 53%, 11% and 4.2%, respectively. 

Therefore, given the flow conditions, infiltration rate and 

transmissivity just assumed, the same probabilities apply 

to the respective inflows. For example, there is an 11% 
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chance that the inflow will be greater than 4.8 liters/sec, 

the inflow associated with 45 meters of submergence. 

Using the highly simplified reasoning just 

developed, the chances are 88%, 53%, 11% and 4.3%, that 

the inflow along this interval will exceed 0, 3, 4.8, and 

6.2 liters/sec, respectively (0 gpm, 46 gpm, 73 gpm and 95 

gpm , respectively). Better estimates would require better 

characterization of the flow conditions to the proposed 

tunnel. Among the factors which need to be better 

understood are the true nature (that is, confined, 

unconfined or perched) of the aquifer at tunnel level, the 

similarity (if any) between the assumed flow regime and the 

true flow regime, and the true distribution of aquifer 

parameters along the proposed alignment. 
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CHAPTER 7 

WATER QUALITY 

In the course of the site investigation, I 

collected ground-water samples from several wells near the 

proposed ring. I measured pH, temperature and specific 

electrical conductance of these samples on site, and 

performed alkalinity titrations, following the procedures 

described in Standard Methods for the Examination of Water 

and Wastewater. 16th Edition (American Public Health 

Association, 1981). In addition, samples were submitted to 

the University of Arizona Analytical Center for analysis 

for major cations and anions, dissolved silica, and 

dissolved Ag, As, Ba, Cd, Cr, Cu, Hg, Pb, Se and Zn. The 

results are summarized in Table 4. 

Analytical results from some samples collected in 

April 1986 had an apparent imbalance of cations and anions. 

In most cases, for example San Juan Ranch wells, results fo 

repeat samples collected in August 1986 gave a much better 

balance. In one well, Cinco de Mayo Well, no second sample 

was available for analysis. 

The results show that the water meets federal 

primary and secondary drinking water standards 



TABLE 4 
CHEMICAL ANALYSIS RESULTS FROM SIERRITA AREA WELLS 

MILEAGE 
LOCATION 

SAMPLE NO. 
DATE 
pH (field) 
pH (lab) 
Temperature (C) 
Elec. Cond. (uS/cm) 

(D17-12)05adb 
Navarro Ranch 

6 
4/1/86 
7.10 
7.38 
23.0 
N/A 

(D18-12)31cdb 
Escondido W. 

ESC—A,C 
8/6/86 
7.42 
7.78 
25.8 
327 

13 
(D19-11) Head 

Kenny Well 
5 

4/6/86 
7.56 
7.56 
23.0 
N/A 

14 
(D19-11)llcad 

Kenny Well 
KENNY-A.B 

8/6/86 
7.14 
7.92 
25.0 
345 

14 

Kenny Well 
KENNY—C,B 

8/6/86 
7.14 
7.87 
25.0 
351 

14 

Major Cations 
Ca 
Mg 
Na 
K 
Tot. 

(mg/1) 
67.00 
21.20 
152.00 

(meq/1) 
3.34 
1.74 
6 . 6 1  

(mg/1)(meq/1) 
37.75 1.88 
6.77 .56 
39.30 1.71 
1.83 .05 

(mg/1) 
47.20 
28.80 
2 6 . 0 0  

(meq/1) 
2.36 
2.37 
1.13 

Maj. Cations (me/1) 
Major Anions 
HCO-, 
co3 
CI 
so4 
no3 (as N03) 
F 
Tot. Maj. Anions 
% Excess cations 
on analysis 

Ag°2 ft#) 
As (mg/1] 
Ba (mg/1 
Cd (mg/1 
Cr (mg/1 
Cu (mg/1 
Hg (mg/1 
Pb (mg/1 
Se (mg/1 
Zn (mq/1 

(mg/1)(meq/1) 
38.50 1.92 
7.76 .64 
31.60 1.37 
4.26 .11 

(mg/1) 
38.50 
7.76 
31.60 
4.26 

11.70 4.20 5.86 4.04 

(meq/1) 
1.92 
.64 
1.37 

.11 
4.04 

537.00 8.80 194.51 3.19 201.34 3.30 211.10 3 .46 214.15 3.51 

66 lS8 ll§? 13120 
.00 
.37 

.00 
5.88 

.00 

.17 
.00 

16.70 
.00 
.47 

.00 
N/A 

.00 
N/A 

59.60 1.24 2.98 .06 11.90 .25 1.38 .03 N/A N/A 

m 12i22o° .20 
.01 

4.72 
.32 

.08 

.02 
10.30 
.26 

.17 

.01 
N/A 
N/A 

N/A 
N/A 

(me/l) 12.11 3.83 3.83 4 .14 N/A 
-1.74% 4.58% 21.20% -1 .18% N/A 

13.2 19 
<.025 

14.1 20.3 
<.025 <.025 

<.003 <•005 
<0.5 
<•005 
<.025 

.005 <.005 
<0.5 
<.005 
<.025 

<.005 
<0.5 
<.005 
<.025 

<.1 <0.1 
<.001 

< .1 <0.1 
<.001 

<0.1 
<.001 

<.025 <.025 < .025 <•025 <.025 
<.005 <.005 

<.03 
< .005 <•005 

.52 
<.005 

.52 
925.78 327.74 340.27 342.68 N/A 
254.36 122.03 236.22 127.97 127.97 

441.02 8.81 159.62 
11.97 

3.19 
11.60 

165.23 3.30 
11.85 

173.24 3 
11 
.46 
.36 

175.75 3.51 
11.37 

-.02 -.23 -.06 -.48 N/A 
7.13 7.87 7.68 8 .10 N/A 
.35 .14 .13 .14 N/A 

TDS (mg/1, summ) 
Hardness (CaC03) 
Alkalinity to 
pH 4.5 (as CaC03) 
Aggressive Index 
Langelier Index 
Ryznar Index 
Corr. Tend. Ratio 



TABLE 4 (Continued) 
CHEMICAL ANALYSIS RESULTS FROM SIERRITA AREA WELLS 

MILEAGE 15 17 19 25 
LOCATION (D19-12)28bda (D19-: L 2) 3 Obbb (D19-ll)23ccc (D20-•10) lOdba 

Pow . Line W. Banos Well Adobe House W. Amado Well 
SAMPLE NO. PLW-A.B 2 4 1 
DATE 8/6/86 4/5/86 4/6/86 4/5/86 
pH (field) 7.45 7.70 7.51 7.56 
pH (lab) 7.93 7.53 7.46 7.47 
Temperature (C) 29.0 19.5 23.0 20.0 
Elec. Cond. (uS/cm) 350 N/A N/A N/A 
Major Cations (mg/1) (meq/1) (mg/1) (meq/1) (mg/1) (meq/1) (mg/1) (meq/1) 
Ca 27.90 1.39 86.30 4.31 43.70 2.18 83.40 4.16 
Mg 8.44 .69 2.90 .24 7.18 .59 22.70 1.87 
Na 39.70 1.73 75.40 3.28 25.40 1.10 74.80 3.25 
K 3.34 .09 
Tot. Maj. Cations (me/1) 3.90 7.82 3.88 9.28 
Major Anions 
HC03 213.42 3.50 216.90 3.56 206.10 3.38 324.59 5.32 
C°3 .00 .00 .00 .00 .00 .00 .00 .00 
CI 7.56 .21 30.70 .87 13.10 .37 39.20 1.11 
S04 3.26 .07 174.00 3.62 1.84 .04 83.00 1.73 
?J°3 (as N03) 
F 5:I£ :8§ 

2.22 
.36 

.04 

.02 
13.40 
.37 

.22 

.02 
2.17 
.37 

.04 

.02 
Tot. Maj. Anions (me/1) 3 .90 8 .10 4.02 8.21 
% Excess cations .02% -1 .72% -1.84% 6.145 
on analysis 

S°2 fig#) 22 
<.025 

9. 89 13.2 16.6 

As (mg/1) <.005 < .003 <•003 < .003 
Ba (mg/1) <0.5 
Cd (mg/1) <•005 
Cr (mg/1) <.025 
Cu (mg/1) <0.1 < .1 <.1 < .1 
Hg (mg/1) <.001 
Pb (mg/1) <•025 < .025 <.025 < .025 
Se (mg/1) <.005 < .005 <.005 < .005 
Zn (mq/1) <.03 
TDS (mg/1 r sum) 331.82 598. 67 324.29 646.83 
Hardness (CaCOj) 104.32 227. 25 138.56 301.45 
Alkalinity to 
pH 4.5 (as CaC03) 175.14 3 .50 178. 00 3 .56 169.14 3.38 266.37 5.32 
Aggressive Index 11 .54 12 .28 11.78 12.30 
Langelier Index -.22 .25 -.10 .28 
Ryznar Index 7 .89 7 .20 7.72 7.01 
Corr. Tend. Ratio .08 1 .26 .12 .53 



TABLE 4 (Continued) 
CHEMICAL ANALYSIS RESULTS FROM SIERRITA AREA WELLS 

MILEAGE (30) (30) (30) (30) 
LOCATION (D18-10)25ada (D18-10)25ada (D18-10)25ada (D18-10)25ada 

San Juan Ranch San Juan Ranch San Juan Ranch San Juan Ranch 
SAMPLE No. 7 SJR-A.B SJR-C,B SJR-C,B (dup) 
DATE 4/6/86 8/6/86 8/6/86 8/6/86 
pH (field) 7.39 7.15 7.15 7.15 
pH (lab) 7.33 8.15 8.17 8.24 
Temperature (C) 22.0 30.0 30.0 30.0 
Elec. Cond. (uS/cm) N/A 501 501 501 
Major Cations (mg/1) (meq/1) (mg/1) (meq/1) (mg/1) (meq/1) (mg/1) (meq/1) 
Ca 43.70 2.18 34.20 1.71 34.20 1.71 
Mg 7.83 .64 13.70 1.13 13.70 1.13 
Na 25.50 1.11 54.60 2.38 54.60 2.38 54.60 2.38 
K 2.55 .07 2.55 .07 
Tot. Maj. Cations (me/1) 3.93 5.27 5.27 
Major Anions 
"C°3 399.39 6.55 289.02 4.74 292.01 4.79 292.07 4.79 
C03 
CI 19̂ 88 -M 23:88 
S04 1.62 .03 8.07 .17 
N°3 (as N03) 
F 14:f§ •M l : U  :?8 
Tot. Maj. Anions (me/1) 7.39 5.74 4.79 
% Excess cations -30.51% (a) -4.20% 4.85% 
on analysis 
si02 (mg/1) 10.9 27.2 N/A N/A 
Ag (mg/1 j <•025 <.  0252 < •  025 
As (mg/1) <.003 .009 .009 .010 
Ba (mg/1) <0.5 <0 .5 <0 .5 
Cd (mg/1) <.005 <.  005 <.  005 
Cr (mg/1) <•025 <.  025 <.  025 
Cu (mg/1) <.1 <0.1 <0 .1 <0 .1 
Hg (mg/1) <.001 <.  001 N/A 
Pb (mg/1) <.025 <.025 <.  025 < •  025 
Se (mg/1) <•005 <.005 <.  005 < •  005 
Zn (mcj/1) <.03 <.  03 <.  03 
TDS (mg/1, sum) 523.53 458.82 N/A N/A 
Hardness (CaC03) 141.24 141.68 141.68 .00 
Alkalinity to 
pH 4.5 (as CaCOj) 327.76 6.55 237.18 4.74 239.64 4.79 239.69 4.79 
Aggressive Index 11.94 11.46 11.46 N/A 
Langelier Index .02 -.31 -.30 N/A 
Ryznar Index 7.35 7.77 7.75 N/A 
Corr. Tend. Ratio .09 .18 .00 .00 
Notes: (a) Ion Imbalance triggered resampling 

>.£> 



TABLE 4 (Continued) 
CHEMICAL ANALYSIS RESULTS FROM SIERRITA AREA WELLS 

MILEAGE 36 44 45 
LOCATION (D18-10)22dcc (D16-10)28BBC (D16-10)35BCC 

Cinco de Mayo Santa Teresa Well Diamond Bell 
SAMPLE No. 3 #11 S.T. Tucson Water (b) 
DATE 4/6/86 4-16-86 1/24/85 
pH (field) 7.47 7.52 7.30 
pH (lab) 7.42 7.54 7.30 
Temperature (C) 26.0 26.0 14.0 
Elec. Cond. (uS/cm) N/A N/A N/A 
Major Cations (mg/1) (meq/1) (mg/1) (meq/1) (mg/1) (meq/1) 
Ca 43.90 2.19 34.20 1.71 28.00 1.40 
Mg 6.22 .51 9.92 .82 7.30 .60 
Na 23.60 1.03 12.50 .54 30.00 1.31 
K 2.28 .06 
Tot. Maj. Cations (me/1) 3.73 3.12 3.30 
Major Anions 
HCO3 333.88 5.47 187.88 3.08 172.00 2.82 
CO3 
CI 12 

.00 
8.90 •A°5 9:88 .00 

.25 
S04 1.86 .04 11.90 .25  11 .00  .23 
no3 (as N03) 
F u:*§ 7:§§ i l l  7 : fo  i l l  
Tot. Maj. Anions (me/1) 
% Excess cations 
on analysis 
Si00 
Ag 

6 . 0 6  
-23.85% (c) 

3.72 
-8.76% 

'2 Istfl) 
13.2 19.2 

TDS (mg/1, summ) 
Hardness (CaC03) 
Alkalinity to 
pH 4.5 (as CaCOj) 
Aggressive Index 
Langelier Index 
Ryznar Index 
Corr. Tend. Ratio 
Notes: (b) Tucson Water 

446.89 
135.11 

274.00 
11.95 

.11 
7.24 
.07 

294.98 
126.13 

154.00 
11.64 
-.17 
7.87 
.16 

265.57 
99.88 

141.00 

3.45 
-2.13% 

As (mg/1) <.003 <.003 
Ba (mg/1) 
Cd (mg/1) 
Cr (mg/1) 
Cu (mg/1) <.1 <0.1 
Hg (mg/1) 
Pb (mg/1) <.025 <•025 
Se (mg/1) <.005 <.005 
Zn (mg/1) 

11.29 
-.78 
8 . 8 6  
.17 

(1986) (c) Imbalance (incomplete suite): Not resampled. 

00 
o 



TABLE 4 (Continued) 
CHEMICAL ANALYSIS RESULTS FROM SIERRITA AREA WELLS 

MILEAGE 
LOCATION 

SAMPLE No. 
DATE 
pH (field) 
pH (lab) 
Temperature 
Elec. Cond. (uS/cm) 

(D18-11)02CDB 
Shiloh Well 
#8 SHILOH 
4-14-86 

7.58 
7.30 
21.5 
N/A 

(D18-11)02ADA 
Cemetery Well 

#9 McG R 
4-14-86 

7.08 
7.06 
19.0 
N/A 

(meq/1) (mg/1) 
3.42 86.80 
3.48 32.60 
1.14 33.00 
.03 1.44 

(D18-12)06ABB 
Surface 

#10 McG R 
4-14-86 

7.97 
7.80 
25.0(EST) 
N/A 

(mg/1) (meq/1) 
4.31 
2.85 
2.24 
.06 

Major Cations 
Ca 
Mg 
Na 
K 

(mg/1) 
68 .60  
42.30 
26.10  
1.18 

(meq/1) 
4.33 
2.68 
1.44 
.04 

86.30 
34.70 
51.40 

2 . 2 8  
Tot. Maj. Cations 
Major Anions 

(me/1) 8.07 8.49 9.45 

HCO3 
CO, 
CI 

306.22 

3 01 §8 
5.02 

I§7 

353.80 

37l?0 

5.80 
.00 
1.06 

431.88 
.00 

18.60 

7.08 
.00 
.52 

so4 
NO3 
F 

154.00 
<0:h 

3.21 

.02 

134.00 
io
:̂  

2.79 

:4f 
45.90 

I'M 
.96 

:82 
Tot. Maj. Anions 
% Excess cations 
on analysis 
SiO^ 
As (mg'7 
Cu (mg/1) 
Pb (mg/1) 
Se (mg/1) 

(me/1) 9.12 
-6.12% 

9.84 
-7.38% 

<.003 
<0.1  
<.025 
<•005 

.13.2 
<.003 
< 0 . 1  
<.025 
<.005 

1 6 . 1  
<.003 
< 0 . 1  
<.025 
<.005 

24.4 

8.66 
4.37% 

TDS (mg/1, summ) 
Hardness (CaC03) 
Alkalinity to 
pH 4.5 (as CaC03) 
Aggressive Index 
Langelier Index 
Ryznar Index 
Corr. Tend. Ratio 
Ionic Str. (me/1) 
pHs 

642.93 
345.14 

251.00 
12.21 
.21 
7.16 

.81  
13.65 
7.37 

705.83 
350.65 

290.00 
11 .88  

- . 18  
7.45 

. 6 6  
14.06 
7.26 

699.35 
358.04 

354.00 
12.85 
.93 
6.12 
.21 

13.12 
7.04 

00 
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(Environmental Protection Agency, 1987a and 1987b) for 

inorganic parameters, and appeared to be of good quality. 

Dissolved silica concentrations generally ranged from 10 

mg/1 to 30 mg/1. 

Inspection of the milliequivalents of anions and 

cations shows most of the samples collected were of the 

calcium-bicarbonate type, which suggests water recently 

recharged through caliche or weathering calcium-rich rocks. 

Some exceptions were found, however. 

Starting near the northeast extremity of the ring 

(mile 0), the domestic well (D17-12) 05ADB produced sodium-

bicarbonate rich water, much higher in total dissolved 

solids than the other samples. This well is in the middle 

of a barnyard, and might be picking up surface 

contamination. The site is in granodiorite (Welty, 1988) . 

Near the center of the Sierritas and the ring, two wells, 

(D18-11) 02ADA and 02CDB, showed significant amounts of 

sodium and sulfate in addition to the calcium and 

bicarbonate. The presence of active mineral prospects 

nearby, as well as a report by a resident that blasting and 

temporary injection were both used in the wells to improve 

yields, may explain this anomaly. 

The surface water sample, collected at (D18-12) 

06ABB was calcium bicarbonate type. Its Total dissolved 

solids was greater than most samples. I was unable to 
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determine whether this sample came from a natural spring or 

runoff associated with the Esperanza mine nearby, to 

determine whether its composition resulted from human 

activity. 

In about the southern half of the site, where most 

wells were in the fanglomerate (Welty et al., 1988,) 

bicarbonate was the dominant anion in all but one sample, 

(D19-12) 30BBB (opposite mile 17), in which sulfate and 

bicarbonate were about equally dominant. Although calcium 

dominated most frequently, the most abundant cation varied 

from well to well, perhaps as a result of ion exchange in 

clays, or perhaps as a result of localized variations in 

the provenance of the fanglomerate. 

In the south, just west of Cerro Colorado in well 

(D20-10) 10DBA (opposite mile 25), calcium and bicarbonate 

were much less dominant than elsewhere. This may be 

related to possible recharge through the various volcanics 

found nearby. 

On the west side of the site, ground water from the 

well (D-16-10)35BCC, (Herwe, 1985) in the Diamond Bell 

Ranch subdivision opposite mile 45, meets all the 

inorganic drinking water standards. 

Data for surface water and ground water from other 

sources, which were considered as supplies for the proposed 

SSC, are shown for comparison in Table 5. This includes 



TABLE 5 
AVAILABLE CHEMICAL ANALYSES FOR CENTRAL ARIZONA PROJECT WATER 

LOCATION CAP, E of New 
Haddell Dam (a) 

REMARKS (OSBR, DRAFT EIS) 
DATE 4/83 
pH (field) 7.96 
pH (lab) 7.96 
Temperature (C) 25.0 
Elec. Cond. (uS/cm) 1110 

Colorado R. 
at L. Havasu (a) 

MEDIANS 
N/A 
N/A 
N/A 
N/A 
N/A 

Bill Williams R. 
(a) 

MEDIANS 
N/A 
N/A 
N/A 
N/A 
N/A 

Major Cations 
Ca 
Mg 
Na 
K 
Tot. Maj. Cations 
Major Anions 
HCO, 
co3 
CI 
so4 
no3 (as N03) 
F 

(mg/1) 
84.80 
30.70 
105.00 
5.13 

(meq/1) 
4.23 
2.53 
4.57 
.13 

(mg/1) 
N/A 
N/A 

105.00 
N/A 

(meq/1) 
N/A 
N/A 
4.57 
N/A 

(mg/1) 
N/A 
N/A 

88.00  
N/A 

(me/1) 

157.19 

931?8 
304.00 

UM 

11.46 

2.58 N/A 
.00 N/A 
2.63 92.00 
6.33 295.00 
.02 .31 
02 .34 

N/A 

N/A 
N/A 
2.60 
6.14 

.01  
.02 

. 00  
N/A 

83.00 
79.00 
2.52 
1.30 

(meq/1) 
N/A 
N/A 
3.83 
N/A 
N/A 

.00  
N/A 
2.34 
1.64 
.04 
.07 

Tot. Maj. Anions (me/1) 11.57 N/A N/A 
% Excess cations -.50 N/A N/A 
on analysis 
Si°2 
Ag tesftl .00344 <.005 .001 
As (mg/1) .004 .004 .008 
Ba (mg/1) .134 .056 <.1 
Cd (mg/1) .00035 <•0001 <.020 
Cr (mg/1) .00366 .0004 <.02 
Cu (mg/1) .008 .004 <•02 
Hg (mg/1) .0000445 <.0002 <.005 
Pb (mg/1) .001 <.001 .004 
Se (mg/1) .003 .003 <•001 
Zn (mq/1) .00896 .007 .02 
TDS (mg/1, summ) 781.60 691.00 481.00 
Hardness (CaC03) 337.85 N/A N/A 
Alkalinity to 
pH 4.5 (as CaC03) 129.00 2.58 N/A N/A .00 .00 
Aggressive Index 12.40 N/A N/A 
Langelier Index .43 N/A N/A 
Ryznar Index 7.10 N/A N/A 
Corr. Tend. Ratio 3.47 N/A N/A 

Notes: (a) Montgomery-Johnson-Brittain, (1983) 

00 



TABLE 5 (Continued) 
AVAILABLE CHEMICAL ANALYSES FOR CENTRAL ARIZONA PROJECT WATER 

LOCATION 
DATE 
pH (field) 
pH (lab) 
Temperature (C) 
Elec. Cond. (uS/cm) 

COLORADO R, PARKER DAM (b) 
7/15/82 

7.80 
7.80 
20 .0  
N/A 

Major Cations 
Ca 
Mg 
Na 
K 
Tot. Maj. Cations (me/1) 
Major Anions 
HCO-j 

(mg/1) 
81.00 
29.00 
100.00 

CO, 
CI 
SO 
NO 3 (as N03) 

Tot. Maj. Anions (me/l7~ 
% Excess cations 
on analysis 

AJ°2 fsgft) 
As (mg/1) 

161.02 

90:88 
300.00 

.40 

8.7 

Ba 
Cd 
Cr 
Cu 
Hg 
Pb 
Se 
Zn 

(mg/1 
(mg/1 
(mg/1 
(mg/1 
(mg/1 
(mg/1 
(mg/1 
(mg/1 

(meq/1) 
4.04 
2.39 
4.35 

10.78 

2.64 

2:8 2 
6.25 

. 0 2  
11.45 
-3.00 

TDS (mg/1, summ) 770.12 
Hardness (CaCOj) 321.37 
Alkalinity to 
pH 4.5 (as CaC03) 321.37 6.42 
Aggressive Index 12.61 
Langelier Index .16 
Ryznar Index 7.48 
Corr. Tend. Ratio 1.37 

Notes: (b) From U.S. Geological Survey (1985) 

00 
Cn 



TABLE 5 (Continued) 
AVAILABLE CHEMICAL ANALYSES FOR CENTRAL ARIZONA PROJECT WATER 

FROM TUCSON WATER COMPANY RECORDS 

LOCATION TUCSON WATER 
WASTEWATER TREATMENT 

(CONFIDENTIAL) 
COOLING PLANT 

(CONFIDENTIAL) 
COOLING PLANT 

SAMPLE No. EFFLUENT (e) MAKEUP #4 (e) MAKEUP #1 (e) 
DATE 7-10-86 
pH (field) 
pH (led}) 

6.98 
6.98 

7.50 
7.50 

7.33 
7.33 

Temperature (C) 28.5 
Elec. Cond. (uS/cm) 800 

29.5 
500 

28.0 
530 

Major Cations 
Ca 

(mg/1) 
49.10 

(meq/1) 
2.45 

(mg/1) 
39.60 

(meq/1) 
1.98 

(mg/1) 
54.50 

(meq/1) 
2.72 

Mg 
Na 

7.80 
108.00 

.64 
4.70 

5.90 
108.00 

.49 
4.70 

10.30 
51.00 

.85 
2.22 

K 12 .31 12 .31 2.56 .07 
Tot. Maj. Cations 
Major Anions 

(me/1) 8.10 7.47 5.85 

HCO3 
CO, 
CI 

136.48 

100^88 

2.24 

2l§2 

142.57 
.00 

13.00 

2.34 
.00 
.37 

162.07 
.00 

13.00 

2.66 
.00 
.37 

so4 97.60 2.03 106.00 2.21 121.00 2.52 
no3 (as N03) 
F 5 5 : U  

.89 

.03 
3.99 
.30 

.06 

.02 
4.43 
.20 

.07 

.01 
Tot. Maj. Anions 
% Excess cations 

(me/l) 8.01 
.51 

4.99 
19.87 

5.62 
1.97 

on analysis 

Ag°2 fEift) 
As (mg/1) 
Ba (mg/1) 
Cd (mg/1) 
Cr (mg/1) 
Cu (mg/1) 
Hg (mg/1) 
Pb (mg/1) 
Se (mg/1) 
Zn (mo/1) 

33.3 

.11 

.030 

.004 

.020 

106 

.11 

.020 

.002 

121 

.13 

.020 

.001 

TDS (mg/1, sum) 600.40 537.49 540.21 
Hardness (CaC03) 
Alkalinity to 

154.59 123.07 178.34 

pH 4.5 (as CaCOjj 
Aggressive Index 
Langelier Index 
Ryznar Index 
Corr. Tend. Ratio 

112.00 2.24 
11.12 
-.72 
8.42 
2.17 

117.00 2.34 
11.56 
-.23 
7.96 
1.10 

133.00 2.66 
11.59 
-.24 
7.81 
1.08 

Notes: (e) Based on Herwe (1985) 
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water quality analyses for water from the Colorado River 

near Parker Dam, which is expected to be similar to water 

from the Central Arizona Project (CAP), and also for 

effluent water from Tucson Water's wastewater treatment 

plant and also for the makeup water for two cooling plants 

in the area (Herwe, written communication, 1985). In 

addition that table also shows analyses given in a report 

by J. M. Montgomery Consulting Engineers, Inc., et al. 

(1983) as part of an estimate of the quality of CAP water 

when it reaches Tucson. 

The wastewater treatment plant effluent (Herwe, 

1985) does not meet the drinking water standards for 

mercury (0.002 mg/1) and nitrate (10 mg/1 as N, or 40 mg/1 

as N0S, according to U.S. Environmental Protection Agency, 

1987a,) and has 33.3 mg/1 of dissolved silica. According 

to the analyses provided (Herwe, 1985) the samples of 

makeup water for cooling plants appeared to meet inorganic 

drinking water standards for the parameters listed, but the 

dissolved silica concentrations exceeded 100 mg/1. This 

suggests a greater possibility of silica scale formation 

using this water than would be expected using the site 

ground water. The predicted CAP water analyses did not 

include dissolved silica, but the analysis of Colorado 

River water at Parker Dam showed only 8.7 mg/1, suggesting 
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excess silica would not be a problem if this water were 

used for cooling. 

Tables 4 and 5 show additional parameters not 

previously discussed. Some, such as alkalinity, are direct 

analytical results. Others, such as total dissolved solids 

and ionic strength, are intermediate results for use in 

determining other parameters. Four others may be of use in 

the design of water systems for the site. These are 

Langelier Index, Aggressive Index, Ryznar Index, and 

Corrosion Tendency Ratio. The Langelier Index is positive 

if the water is supersaturated and negative if unsaturated 

with respect to CaC03 (Singley, 1981). The calculation of 

this index was modified from Standard Methods (American 

Public Health Association, 1985). Singley (1981) described 

the Ryznar Index as a variation on the Langelier Index, 

with corrosion becoming more likely when the index 

increases beyond 7, and calcium carbonate incrustation 

becoming more likely when the index drops below 6. He also 

described the Aggressive Index as an indicator of the 

potential for attack on asbestos-cement pipe, with water 

being very aggressive when the index is less than 10, non-

aggressive when greater than 12, and moderately aggressive 

otherwise. The Corrosion Tendency Ratio refers to 

corrosion in the presence of dissolved oxygen (American 

Public Health Association, 1985, and Stern et al., 1984). 
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Water with a Corrosion Tendency Ratio of less than 0.1 is 

considered generally free from corrosion, and the tendency 

for corrosion increases with the index. 

The ground water sampled (Table 4) generally is 

unsaturated with respect to calcium carbonate, is probably 

slightly corrosive and moderately aggressive toward 

asbestos-cement pipe. It generally has a corrosion 

tendency ratio between 0.1 and 0.2, suggesting slight 

corrosion potential. 
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CHAPTER 8 

WATER SUPPLY 

Several potential sources of water could be used 

for a SSC complex. Wells at intervals near the ring would 

probably be sufficient for small supplies of drinking water 

at the various service areas along the proposed ring. 

Seepage collected along the length of the ring, might be 

used to augment the cooling water supply, or even be used 

for potable water if it could be protected from 

contamination. 

According to the Arizona Ground Water Code 

(Arizona Revised Statutes, 1985) the United States 

Department of Energy (or any other group), before 

attempting to use this water, would have to obtain ground

water abstraction rights. These could be either in the 

form of a temporary industrial use or dewatering permit, or 

by conversion of already established, or "grandfathered" 

rights to use some maximum annual amount of ground water. 

The latter could either be rights to water abstracted from 

particular tracts of retired farmland, known as Type 1 

rights, or rights not linked to any particular property, 

known as Type 2 non-irrigation rights. Type 2 rights, like 

real estate, are hard to subdivide, and represent a 
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resource whose aggregate quantity is not, according to the 

Arizona Ground Water Code (Arizona Revised Statutes, 1985,) 

allowed to increase. To use water from the vicinity of the 

tunnel, Type 2 rights or industrial or dewatering permits 

would be needed. According to L. Snow (pers. com., 1985), 

director of the Tucson Active Management Area, the 

anticipated needs of the SSC are comparable to a medium 

sized farm, and would not create a major impact on the 

water use in the area. We did not discuss the potential 

opposition of existing water users in the area regarding 

competition for water rights. 

Another possible water supply for SSC is Colorado 

River water, imported along the Central Arizona Project, 

(CAP). Holders of CAP water allocations include the San 

Xavier Indian Reservation, Community Water of Green Valley 

(Livingston, 1986, pers. comm.) and Green Valley Water 

Company (LUndiger, 1986, pers. comm.) as well as others 

located nearby. According to Livingston (1986) the CAP 

water would need treatment prior to use for drinking water. 
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CHAPTER 9 

HYDROLOGICAL IMPACTS ON THE SITE 

Construction activity for the proposed tunnel would 

impact the surface drainage in the area. Runoff in the 

washes could be intercepted by open excavations, which 

would adversely affect the riparian communities downstream 

as well as construction activities in the excavation. 

After construction, impervious backfill above the tunnel 

under the washes could cause formation of seeps, while 

permeable backfill elsewhere could drain perched aquifers 

in the washes into the tunnel or along it into other 

washes. Water-table declines are possible along about 

half the proposed alignment, where the water table lies 

above the ring elevation, as a result of drainage of the 

surrounding ground water into the tunnel. 
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CHAPTER 10 

CONCLUSIONS 

In terms of hydrology, the Sierrita Mountains site 

holds a number of advantages and disadvantages for the 

proposed Superconducting Supercollider. 

Advantages 

The tunnel could be oriented within the site to 

have very small dewatering requirements both during and 

after construction, and to avoid subsidence-prone areas. 

Surface runoff is nonexistent much of the year, so 

that cut-and-cover techniques can be used to advantage. 

Most of the proposed alignment lies above the 

expected water table, so that operation of the SSC can have 

minimal impact on adjacent ground water. 

Ground water in the vicinity of the proposed 

alignment meets Drinking Water standards for inorganic 

parameters. Organic parameters were not tested, but 

considering the apparent lack of sources of organic 

pollution at the site, these are not expected to pose a 

problem. 

The site lies near the end of the proposed Tucson 

Aqueduct, part of the Central Arizona Project (CAP). 
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Disadvantages 

The water elevation data around the proposed 

alignment are very sparse, so that the uncertainty 

associated with the estimate of water table elevation 

exceeds 30 meters on most places. As a result, the 

estimated water table elevations along the proposed 

alignment could be too low, and more of the alignment than 

anticipated could lie below the water table. 

The site lies in a desert environment subject to 

flash flooding, which at times poses a potential hazard to 

personnel, and equipment operating in open excavations and 

in the numerous washes around the site. 

The site crosses through the Tucson Active 

Management Area, in which ground-water development is 

restricted. As a result, the water supply for a SSC 

complex would probably require the purchase of Type 1 or 

Type 2 non-irrigation water rights, or purchase and 

treatment of Colorado River water from the CAP. 

The question of scour depths in the stream channels 

crossed by the SSC is still unresolved and requires further 

investigation. 

The uncertainties in the water table elevation 

around the site were successfully quantified using kriging. 
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