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ABSTRACT

The existing water supply in the southwestern United 
States is a finite and limited resource that is being depleted 
at an alarming rate. Within the Basin and Range province, an 
appreciable amount of groundwater is stored within permeable 
volcanic terranes. Insights obtained from gravimetric studies 
of volcanic terranes will aid in the development of new 
research methodologies for understanding these potential water 
resources.

A gravity survey, covering 214 km2 at a nominal spacing 
of one mile, was conducted over the Tertiary volcanic rocks 
of the Galiuro Mountains. The residual gravity anomaly map 
was used to identify the proposed outer caldera boundary 
centered over the Galiuro Range. Gravimetric techniques also 
provide a means of assessing flow patterns, delineating 
permeable units and estimating amounts of stored groundwater. 
Using the anomalous mass calculation, the volume of water 

stored in the Galiuro Volcanics is estimated to be 1.7 • 1014 
m3. Gravity surveys prove especially valuable in mountainous 
regions where wells for pump and artificial recharge tests 
generally are not available. In addition, the gravity survey 
method requires minimal cost, time and equipment.
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CHAPTER 1 

INTRODUCTION

The Galiuro Mountains, located 89 km northeast of Tucson 
in Graham county, are the focus of this study but the field 
area shown in figure 1 extends into the San Pedro, Sulphur 
Springs and Aravaipa Valleys. The Santa Theresa-Pinaleno 
Mountain ranges bound the area to the east and north and the 
west boundary consists of the Santa Catalina-Rincon Mountain 
ranges. The Winchester Mountains are to the south. The 
Galiuro Range covers an area of 214 km2 (53,000 acres), most 
of which is within a designated wilderness area and the 
Coronado National Forest. Dirt roads parallel either side of 
the range, but ill-maintained jeep trails leading into the 
range make access difficult.

The Galiuro Range is located mainly in the Mexican 
Highland portion of the Basin and Range province where 
temperatures range from arid to mesic. Elevations along the 
two parallel ridges trending northwest to southeast range from 
1,200-2,300 m (4,000 to 7,600 feet). Two canyons. Rattlesnake 
entering from the northeast and Redfield entering from the 
southwest, longitudinally cut the range along a fault that 
parallels its axis. The annual precipitation ranges from 41
to 51 cm.
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The thick Oligocene volcanic sequence, ranging from 

andesitic to rhyolitic, dominates the geologic record within 
the range. The Galiuro Volcanics form a gently dipping 
blanket that covers older rocks ranging from Precambrian to 
Late Cretaceous or early Tertiary in age. A volcanic 
explosion most likely deposited the flows inside a 
synformational depression and intermittent ash flow tuff 
sequences inside and outside its outer ring. Ash-flow tuffs 
are preserved in outcrop only north and south of the 
postulated outer ring. Intrusions within the range were most 
likely derived from a fractured magma chamber.

The gravity survey covers the range at a nominal spacing 
of 1 mile and extends well into the alluvial valleys: 
Aravaipa to the north-northeast, Sulphur Springs to the 
southeast and Lower San Pedro on the west. The gravity 
anomalies provide much additional information concerning the 
lithology, structure and origin of the Galiuro Volcanics and 
therefore their geohydrology.

Purpose of the Study

The existing water supply in the southwestern United 
States is a finite and limited resource that is being depleted 
at an alarming rate. Groundwater constitutes about 86% of the
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total water stored within the United States, but the annual 
replacement rate amounts to only 3% of the total water 
circulation (Todd, 1980). The deeper aquifers that typify the 
American Southwest have average water detention periods of 
10,000 years. Accessing these vast untouched reserves and 
allowing natural recharge of surface and shallow aquifer 
reserves may be the only way to preserve the fragile 
hydrologic balance.

Evidence indicates that within the Basin and Range 
province an appreciable amount of groundwater is stored within 
permeable volcanic terranes. At the New Cornelia mine in Ajo, 
a very large supply of potable water has been "mined" by means 
of 2 shafts and a few thousand feet of tunnels within the 
Batamote andesite at a depth of 52 m (Gilluly, 1937). Water 
has also been exploited from productive units in the Datil 
Volcanics, on the New Mexico/Arizona border and in the 
volcanics of Skull Valley, west of Prescott (Hauck, 1990).

The Residual Bouguer Gravity Anomaly Map of Arizona 
(Sumner, 1990) implies that the Galiuro Volcanics consist of 
lower-than-average density rocks. Insights obtained from 
further gravimetric study of volcanic terranes will aid in the 
development of new research methodologies for understanding 
these potential water resources. Gravimetric techniques 
provide a means of assessing flow patterns and estimating
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amounts of stored groundwater. These techniques prove 
especially valuable in mountainous regions where wells for 
pump and artificial recharge tests generally are not 
available. The gravity survey method minimizes the need for 
arbitrary assumptions about the subsurface geometry to 
determine the volume of saturated rock and requires minimal 
cost, time and equipment.
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CHAPTER 2 

GEOLOGIC SETTING

Much of the geologic setting has been taken from current 
field work (Burchell, 1990) and current ideas about 
extensional terranes and mid-Tertiary volcanism in the Basin 
and Range province. Other mechanisms have been considered in 
the interpretation section of this thesis and favored ideas 
are emphasized here. Coney and Reynolds (1977), Zoback et. 
al. (1981) and Walsh (1989) offer ideas and provide evidence 
on extension and affected terranes. The most complete 
coverage of the Galiuro Mountains geology was published by 
Creasey and others in 1981. Simons in 1964 and Krieger in 
1968 worked in the northern Galiuro Mountains in the Klondyke 
15 minute and Holy Joe 7-1/2 minute quadrangles, respectively. 
Walsh (1989) mapped the Hellhole Conglomerate of Aravaipa 
Creek in detail. Dickinson (1987) mapped areas southwest of 
the range and compiled the geology of the southern Galiuros 
south and west of Creasey1s geologic map. The geologic map, 
Figure 2, is a compilation of all of their mapping efforts.

Six major episodes of volcanism are represented within 
the geologic record in Arizona. Following a pronounced 
quiescence during the early Tertiary, the fifth period of 
volcanism occurred 35 to 15 million years ago during the Mid-
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Tertiary (Shafiqullah and others, 1980). Apparently due to 
the decreasing dip of the oceanic plate as it was subducted 
beneath the west coast of the continent, volcanism swept 
westward across Arizona so that in the southeast, where the 
Galiuros are located, rocks are mostly 25 to 35 million years 
old (Coney and Reynolds, 1977). This intense volcanism 
blanketed much of the region now associated with the Basin and 
Range Province with regional ash-flow tuffs and in more 
restricted areas, rhyolite, andesite and minor basalt flows 
were erupted. Magmatic activity during the Basin and Range 
Orogeny is thought to have been concentrated along basement 
lineaments and individual magmatically active graben basins 
(Cas and Wright, 1987). Field work (Burchell, 1990) and 
gravity analysis (this thesis) suggest that similar mechanisms 
were active in the Mid-Tertiary.

The oldest rocks in the field area are Precambrian Pinal 
Schist, Ruin Granite and Apache Group. In the central Galiuro 
Mountains only one exposure is found, at the confluence of 
Redfield and Negro Canyons at 32°32' latitude and 110°191 

longitude, shown in figure 2. The outcrop is Precambrian Ruin 
Granite and is 153 m long and 31 m wide (Creasey, 1981). 

Although Creasey et.al interpret the outcrop as bedrock, baked 
fringes discovered in recent field investigations identify the 
outcrop as a roof pendant derived from uplift of a dacite dome
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(Burchell, 1990). Based on this new evidence, the Galiuro 
Volcanics is estimated to range from 610 to 1,983 m in depth. 
Other Precambrian to Paleozoic rocks are exposed only to the 
north and south, outside of the central Galiuro Range.

In the northwest section of the study area (Figure 2), 
the Copper Creek Granodiorite of Late Cretaceous/Early 
Tertiary age intrudes the Pinal Schist, the Apache Group and 
the Late Cretaceous Glory Hole Volcanics and is overlain 
unconformably by the Galiuro Volcanics. The potassium-argon 
date of Simons (1964) yields a 68 m . y . age on biotite from the 
granodiorite and represents an upper age limit for the Galiuro 
Volcanics.

Stratigraphically, a profound erosional unconformity 
separates the Galiuro Volcanics from the underlying rock. The 
Galiuro Volcanics accumulated approximately 23 to 29 ± 2 ma 
and consist of lava flows and ash-flow tuffs ranging in 
composition from andesitic to rhyolitic (Creasey, 1981). 
Generally, the 1,983 m thick volcanics are separated into two 
sections separated by another erosional unconformity (Creasey 
and Krieger, 1978). The lower part is predominantly lava 
flows ranging from andesite to dacite but contains three ash- 
flow tuff sequences. The upper section consists of voluminous 
rhyolitic flows including domes and two local rhyolite- 
obsidian flows and again ash-flow tuffs.
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All ash-flow tuffs are now preserved only in the north 

and south, outside of the central Galiuro Range where dacite 
and latite intrusions are more prominent. Unusually large 
amounts of obsidian ejecta among pyroclastic deposits indicate 
the continuation of explosive eruption during accumulation of 
rhyolite lava (Gas and Wright, 1987). Ash-rich clastic 
breccia, either pumaceous or not, are interpreted as ashy 
bursts following rhyolite lava flows and also are indicative 
of continued explosive volcanism in the Galiuro Range 
(Burchell, 1990).

Field evidence exists for the existence of a silicic 
volcanic-tectonic depression centered over the Galiuro 
Mountains and extending into the San Pedro Valley. The 
depression or set of nested depressions is suggestive of 
caldera subsidence following climatic ignimbrite eruptions, 
resulting from degassing of a large magma chamber, with 
subsequent resurgence and extrusion of rhyolite lava. The 
rhyolitic to dacitic intrusions in the center of the range, 
voluminous rhyolite flows, and the ash-flow tuffs preserved 
only in the north and south between topographic and structural 
rings (Burchell, 1990) all substantiate this hypothesis. 
These ash-flow tuffs thin away from the center of the range 
and are thought to underlie the indurated Miocene Hellhole 
Conglomerate in some locales. Aqueous deposits filling or
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lining cavities in the volcanic rocks also imply explosive 
volcanism in a hydrous environment.

Zoback et.al (1981) and Eaton (1984) suggest that 
Oligocene extensional tectonics occurred within a wide arc, 
which narrowed by mid-Miocene. The flat-lying syntectonic 
Hellhole conglomerate outcrops southwest of Aravaipa Creek, 
covering an area of 50 square miles. The conglomerate is 
composed of a coarse clast-supported stream flow and very 
coarse matrix-supported debris flow, with the predominant 
clast type being Oligocene volcanic rocks (Walsh, 1989). An 
ash bed within the Hellhole Conglomerate is K-Ar dated at 19.2 
± 0.5 Ma (Walsh, 1989). This Miocene age unit with a minimum 

thickness of 488 m and maximum of 2,440 m (Walsh, 1989) 
provides a minimum age limit for the Galiuro Volcanics.

During the formation of the volcano-tectonic depression 
and accumulation of the Galiuro Volcanics, a period of 
extensional faulting began and continued into the latter 
Tertiary. South of 32*45' the Galiuro Volcanics form a tilted 

fault block dipping to the east and southeast. The entire 
range and the San Pedro Valley appear to be extended along 
high-angle southwest dipping normal faults, which become 
listric or low-angle faults in the southwest portion of the 
range (Dickinson et.al, 1987). A west-dipping high angle 
normal fault is exposed for about 9 km (5-1/2 miles) along the
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east flank of Sombrero Butte and the vertical offset parallel 
to the dip of the fault is at least 1,500 m. A parallel west
dipping normal fault extends for about 32 km (11 miles) 
through the center of the range. The vertical offset on this 
fault is 900-1,200 meters and it apparently was active during 
the accumulation of the Galiuro Volcanics (Creasey et.al, 
1981) . Using a minimum 10* dip over the 16 km (10 mile) width 
of the Galiuro Range, a structural relief of about 2,000 m, 
a distance that approximates the vertical offset on the west
dipping faults is implied. The strike in the southern Galiuro 
Range is north-northeast and the dip is 10 to 20* greater than 

in the north (Burchell, 1990). Fault plane dips were about 
60*, down to the southwest, and it appears as though the 
entire range is extended a minimum of 15% due to high angle 
fault motion (Gettings, 1990).

A basement anisotropy suggested by gravity (this thesis) 
and field relations (Burchell, 1990), extending from Redington 
Pass west of Tucson through Kielburg Canyon in the Galiuro 
Mountains to Eagle Pass between the Santa Theresa and Pinaleno 
Mountains parallels the Morenci Lineament identified by Sumner 
(1989) . Lineaments such as this one may be meaningful in 
interpreting past stresses, displacements and disturbance 
patterns. Magmatic activity in the southwest often correlates 
with basement lineaments (Lippman, 1980). In this case, the
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lineament parallels the direction of extension and intersects 
the Galiuro Mountains where latite to dacite domes and plugs 
intrude the flows. The Kielburg area marks the intersection 
of two stress directions and the locus of a volcano-tectonic 
eruption (Burchell, 1990 and this report). Furthermore, 
Burchell (1990) identifies two foliation fabrics directed N 
40 E and N 25 W in the dacite dome shown in Figure 2.

North of 32°451 the Galiuro Range has been deformed into 

a broad gentle downwarp, the axis of which trends east-west 
at the latitude of Aravaipa Creek. A north-northwest striking 
normal fault bounding Aravaipa Valley to the west and a less 
obvious but probable fault to the east, inferred from 
Robinson's (1975) residual gravity map, are probably 
extensional features causing downwarp. A deep exploration 
drill hole D-7-19(26), shown on figure 4, was drilled by Bear 
Creek Mining Co. (subsidiary of Kennecott Copper Company) in 
1970-71. At this location 183 m of upper (silicic) Galiuro 
Volcanics were penetrated, followed by 363 m of lower 
andesitic Galiuro Volcanics, followed by 206 m of Precambrian 
Pinal Schist with sills of diabase from 6 to 54 m thick. If 
the schist-volcanic contact dips parallel to the surface 
volcanics, these data imply that Pinal Schist lies 549 m below 
Aravaipa Creek as it passes through the Galiuro Mountains 
(Krieger and others, 1979).
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CHAPTER 3

AEROMAGNETIC SURVEY INTERPRETATION

An airborne magnetometer survey covering the Galiuro 
Wilderness Area between 32°26'N. and 32°45,N. and 110e15'W. 

and 110° 27'W. was completed by the U.S. Geological Survey in 

January 1972 (Davis, 1981) . This map is reproduced as the 
inset on figure 3, while the Tucson-Nogales 2° portion of the 

Residual Aeromagnetic Map of Arizona (Sauck and Sumner, 1970) 
serves as the perimeter of this map. Total intensity magnetic 
data were obtained along north-trending lines flown at a 
nominal spacing of 1 mile for the inset and 3 miles for the 
perimeter at average barometric elevations of 8,000 feet and 
9,000 feet above sea level, respectively. The magnetic 
anomalies are interpreted based on their correlation with the 
geologic map and are discussed here because they contribute 
supplemental geological information.

Frequently, the presence of magnetite concentrations high 
in the earth's crust causes small isolated anomalies, while 
broader features are due to crustal blocks. If anomalies are 
due to inductive effects of the earth's field, at this 
magnetic latitude the magnetic low anomaly due to a compact 
source will be to the north and it will have a steep gradient 
with the lowest values asymmetric and at the south end of the
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low. The reversed dipolar arrangement is often indicative of 
remanent magnetization. It is noteworthy that volcanics 
erupting within a hydrous environment, as indicated by the 
existence of chalcedony (an aqueous deposit filling or lining 
cavities), characteristically have a high remanence. A 
topographic effect may also be held responsible for part of 
the variation in magnetic intensity seen across the mountain 
range.

In general, the magnetic map displays high magnetic 
intensities over the northwestern mountains, several 
discontinuous high-gradient anomalies over the eastern side 
of the range and lower magnetic relief in the central and 
southwestern parts of the range. Thick volcanic sequences on 
the crests and slopes of mountains account for most of the 
major anomalies. Local high magnetic gradients indicate that 
sources of the magnetic maxima lie near the ground surface. 
The latite members are more magnetic than the rhyolite 
members, and magnetic lows over basalt suggest locations where 
a thin basalt veneer overlies rhyolite with low magnetic 
susceptibility. Also, the magnetometer could be responding 
to alteration along fault zones.

The high-intensity zone, in the northwestern Galiuros 
includes Biscuit Peak, Maverick Mountain and the mountain 
front extending southerly nearly to Kielberg Canyon. A 375
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nT maximum occurs over slopes west of Maverick Mountain and 
is associated with andesitic flows and welded tuff found on 
the upper slopes. The quartz monzonite pluton underlying 
volcanic rocks in that area may be the causative body for the 
high intensity zone. In the southern part of this northwest 
section, another maximum of lesser amplitude is located over 
the lower slopes of Rhodes Peak.

A prominent 200 nT positive anomaly lies over China Peak 
in the northeast part of the range. Magnetic maxima occur 
over ash-flow tuff and interbedded andesite flows draping the 
crest and east slope of the mountain, suggesting that the peak 
consists of a thick volcanic sequence and older andesite flows 
extending eastward beneath younger alluvium. On the south 
flank of the anomaly, a small magnetic low is in line with a 
north-south trending fault in the tuffs east of China Peak.

North of Rattlesnake Canyon, a negative anomaly occurs 
over the rhyolite and andesite. The feature is considered to 
be a counterpart of the positive anomaly over China Peak. The 
gradual magnetic gradients on the northeast flank of the 
negative anomaly reflect the nonmagnetic sedimentary deposits 
near Squaw Creek. A magnetic low also occurs over Kennedy 
Peak and seems to be associated mainly with interbedded 
andesites and rhyolites near the peak and along the ridge 
north of Corral Canyon. Remanent magnetization and



25
deformation in the andesitic rocks probably cause this low.

Between Kennedy Peak and Sunset Peak to the south, a 
high-gradient 200 nT positive anomaly is most likely due to 
rhyolite flows lying at high elevations. These flows along 
the mountain crest are responsible for the northern maxima, 
but are interbedded with andesites in the southern maximum 
near Sunset Peak.

Southwest of Sunset Peak, a small magnetic high trends 
northwestward across mountain spurs between Negro Canyon, 
Sunset Canyon and upper Redfield Canyon. Magnetization 
intensities in rhyolite along the spurs and in andesitic rocks 
at lower elevations most likely cause the anomaly. Intrusive 
rhyodacite underlying part of the anomalous locality is 
evident in altered rocks near Redfield Canyon on the northeast 
side of the high, but flight lines straddle the outcrop and 
magnetic response is negligible.

In the southwest portion of the map, a 100 nT anomaly 
lies along the mountain front near Sheep Camp Wash. The 
anomaly occurring over volcanic rocks and sedimentary deposits 
possibly indicates that andesitic rocks exposed in the front 
extend southwestward and underlie the unconsolidated deposits 
along the wash. A weak magnetic low that may be related to 
the anomaly lies over Bear Canyon and Redfield Canyon to the 
east. The low occurs over volcanic rocks that have weak
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remanent magnetization, but the low field intensity may be 
caused by topography.

In the southeastern-most part of the map, magnetic 
intensities increase to the southwest across the alluvium, 
suggesting that basement rocks rise in that direction. The 
increasing magnetic intensity is broken by a line of magnetic 

lows that trend N30°W and pass through Hookers Hot Springs. 

This northwest-trending line of magnetic lows could represent 
a fault zone where rocks of contrasting magnetic 
susceptibilities are juxtaposed, and it could be the southwest 
margin of a fault block that tilts toward the Winchester 
Mountains. Southeast of Hookers Hot Springs, this northwest
trending magnetic pattern appears either to extend into or to 
intersect the magnetic pattern over the Antelope Tank fault 
(Martin, 1986) south of the mapped area. Northwest of Hookers 
Hot Springs, the distinctive northwest-trending magnetic 
pattern extends to the south end of a northwest-trending fault 
(Creasey, et. al, 1981).
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CHAPTER 4

GEOHYDROLOGIC SETTING

Creasey et al (1981) report results of water chemistry 
analyses for the individual drainage basins within the Galiuro 
Range as part of his minerals assessment. Ellingson submitted 
a report on the Aravaipa Valley watershed to the Defenders of 
Wildlife in 1979, and well information in the valley was 
compiled on a map by the USGS (Gould and Simpson, 1976). A 
report on the lower San Pedro Basin between The Narrows and 
the mouth of the river near Winkelman was completed in 1952 
by Heindl, and the area is included on maps showing ground 
water levels and depth-to-groundwater in the Basin and Range 
province. A map showing the ground water conditions of 
Sulphur Springs Valley was completed as a USGS water resources 
investigation (Mann et al, 1978).

The Galiuro Mountains can be divided into six separate 
drainage basins with three watersheds surrounding the range. 
The drainage basins, shown in figure 4, are designated 
Eastside, Westside, Fourmile, Rattlesnake, Redfield and Hot 
Springs Canyon. The three watersheds shown are Lower San 
Pedro, Aravaipa and Sulphur Springs. All mapped springs and 
faults and selected wells are also shown in figure 4. Limited 

geohydrologic information, such as ground-water levels and
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depth-to-groundwater, exists from well records and logs and 
spring data in each watershed. The hydraulic data available 
do not allow computation of recharge, without the aid of 
assumptions and modeling techniques. The task ahead is to 
extrapolate the limited information available to analyze the 
little-studied geohydrology of the Galiuro Mountains mid- 
Tertiary volcanics. Therefore, I acknowledge that this will 
be a limited investigation at best. In the subsequent 
sections, the known watershed geohydrology is reviewed, 
followed by an analysis of the geohydrology of the Galiuro 
Range itself. Aravaipa Creek is reviewed first and in greater 
detail, since it cuts through the Galiuro Volcanics and may 
also be a product of extensional tectonics.

Aravaipa Watershed

The Aravaipa watershed, comprising some 1,400 km2, 
(Figure 4) derives water from the mountains on either side, 
drains to the center of the valley joining the northward flow 
and then bends to the northwest through Aravaipa Canyon. As 
the stream flows to the valley low point, it enters Aravaipa 
Canyon which has been cut within the last 20 million years 
through the Galiuro Mountains (Scarborough, 1984). According 
to a previous gravity survey, an average axial depth-to-
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bedrock is 1,830 to 2,440 m (6,000 to 8,000 ft) below the land 
surface (Robinson, 1975), but the D-7-19(26) drill hole log 
indicates a more conservative depth estimate of 549 m (1,800 
ft) (table 1). Robinson's (1975) depth estimated may be in 
error because of the low density volcanics in the Galiuro 
Range.

Groundwater in Aravaipa Basin moves southeast to 
northwest. The convergence point for all groundwater flowing 
naturally in the basin is located at the topographic beginning 
of Aravaipa Canyon where the cross-sectional area is reduced. 
This valley low point has an elevation of 1,013 m (3,320 ft) 
above sea level. This constriction causes the water table to 
rise, thus increasing effluent seepage. The piezometric 
surface rises from this elevation in Aravaipa Canyon to 1,220 
m (4,000 ft) in the foothills and 1,400 m (4,500 ft) into the 
Galiuro Mountains. The annual precipitation of 30-41 cm (an 
estimated mean of 592 million m^/yr (480,000 acre-ft/yr)) 
generally exceeds that of the other watersheds, but 95% of 
that is likely lost to evapotranspiration (Adar, 1984). 
During periods of no runoff, 80% of Aravaipa Creek's 
discharge, that is an estimated 32 million ms (25,860 acre- 
ft/yr) , is from effluent groundwater flow from the aquifer. 
An aquifer transmissivity of 1,000 to 1,700 m2/day is 
estimated, but this is based on a single specific capacity



DRILLER'S LOGS

Local Number Comments:
D-6-18(32cbd) no record
D-7-19(26) drilled through 183 m of upper (silicic) 

Galiuro Volcanics, 363 m of lower 
andesitic volcanics and 206 m of 
Precambrian Pinal schist

D-9-21(14caa) "lava conglomerate" at 331 m
D-9-21(27daa)

1) 6" WM
2) 16" IW

volcanic rock dacite tuff at 185 m 
hard black lava tuff at 250 m, water 
between lava layers

D-10-18(3b) water temperature > 49°C (120°F), taps 
fault zone

D-ll-19(lOdc) Galiuro Volcanics at 92 m
CPP1 Galiuro Volcanics from 139-244 m and 

Oracle Granite from 1,054-1,224 m
B2 Galiuro Volcanics from 467-958 m
Bll Martin Fm at 498 m and Precambrian 

Quartzite at 711 m

Table 1 : Drill log records for selected boreholes and
wells
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test.

Adar's methodology (1984) for identification and 
quantification of multiple recharge sources uses a combination 
of groundwater chemistry, including isotopic data, and 
groundwater flow system information. Results of this study 
in the Aravaipa watershed show that Stowe Gulch (shown in 
figure 4) supports approximately 48% of annual discharge 
through Aravaipa Spring. The average recharge in Stowe Gulch 
basin was 5.6 million m*/yr (4,500 acre-ft/year) over 111 km2 
(27,520 acres). The calculated percentages of the total 
recharge, 16 million m3/yr (13,000 acre-ft/year), is shown 
below for each source of recharge:

Source
Inflow from upper Aravaipa Valley 
Direct inflow through alluvial fans 
Direct lateral inflow from western pediment 
Direct lateral inflow from eastern pediment 
Upward leakage from low aquifer-Klondyke 
Upward leakage from low aquifer-Cobra 
Upward leakage from low aquifer-Stowe Gulch 
Total annual streambed infiltration

Percentage
3.5 - 5.5 

0.3
4.0 — 6.0
13.0 - 14.0
8.5 - 10.5
22.0 - 25.0
46.0 - 49.0
2.0 -  2.8

Recharge from western pediments of the Galiuro Mountains is 
diverted mainly to the deeper underlying aquifer (Adar, 1984), 
while lateral recharge to the shallow water table aquifer 
mostly derives from eastern pediments. Water from the Galiuro 
Volcanics therefore, according to Adar, is a large percentage 
of the 12 million m3/yr (9,750 acre-ft/year) (75% of total 
recharge) derived from upward leakage from the deep aquifer
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to the upper aquifer.

The only water well known to be drilled directly into 
Galiuro Volcanics within the Aravaipa watershed is D-6-18 
(32cbd) with a 153 m depth (Gould and Wilson, 1976). As seen 
in table 2, the altitude of water being pumped is greater than 
1,098 m, approximately 300 m higher than level of Aravaipa 
Creek 0.8 km to the northwest. Three wells in Aravaipa 
watershed with comprehensive accurate well logs, as seen in 
table 2, encounter Galiuro Volcanics at some depth. In Eureka 
#6, Eureka #11 (6" windmill) and Eureka #11 (16" irrigation 
well), shown in figure 4, volcanic rock is reached at 331, 
185 and 250 m, respectively. In the last of these well logs, 
it is noted that "water exists between lava layers." The 
wells in the younger alluvium, no more than 50 m deep, yield 
up to 76 1/s and supply the vast majority of the water to the 
area.

In the eastern portion of the watershed, water flow and 
spring manifestation is fault- and fracture-controlled as seen 
in figure 4. Feeding the Right Prong of Fourmile Creek, 
springs are controlled by a fault along the contact of Galiuro 
Volcanics and Hellhole Conglomerate. The largest spring in 
the Aravaipa area is a half kilometer downstream from Virgus 
Canyon on the north side of Aravaipa Creek, nearly at stream 
level. The estimated flow is 6.5 1/s.
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WELL DATA

(Measurements in Meters)

Local Number Water Use Depth
Drilled

Altitude Water Depth-
Level -to-Water

D-6-18(32cbd) Stock 153 1,257
D-9-21(14caa) Unused 458 1,267 25 (1950) 8
D-9-21(27daa) Unused 368 1,351 66 (1957) 79
D-10-18(3b) 92 915
D-ll-19(lOdc) 390 1,007
CPP1 1,224 1,037
B2 958 976
Bll 711 793

Table 2: Well data for selected wells
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Sulphur Springs Watershed

Aravaipa basin is separated from Sulphur Springs Valley 
to the south by a very shallow crystalline rock high which 
impedes inter-basin groundwater flow. This high is located 
about 43 km north of Willcox (Ellingson, 1979; Robinson, 
1975). Only the northernmost portion of this watershed bounds 
the Galiuro Mountains, east of Ash Creek where the water table 
is about 90 m below the surface. The elevation of the land 
surface is higher than the San Pedro Valley at 1,373 m, but 
the estimated annual precipitation of 30 cm is the same. This 
valley is the most extensively pumped region in the study area 
and internal pumpage and evaporation account for nearly all 
of the discharge. Pumpage for irrigation in northern Sulphur 
Springs Valley averaged about 37 million m*/yr (300,000 acre- 
ft/yr) in 1963-75 (Mann et. al, 1975), and has increased since 
then. Nearly all flow now occurs toward irrigation centers 
and groundwater levels dropped in the northern area 15 to 31 

m between 1957 and 1975 (Mann, et. al, 1975).
Due south of the Black Hills in the High Creek area, at 

gravity stations GM334 and GM320, wells are drilled to 214 and 
244 m respectively in order to hit water. A range bounding 
fault may be inferred from the depth-to-water data in the 
area, but its exact location and extent are unknown. The



35
downdropped side of the fault would be towards the east, where 
the water table is reached at 92 m or less. The fault is not 
evident in geologic outcrop or from the gravity signature due 
to lack of a significant density contrast.

Lower San Pedro Watershed

The Lower San Pedro Valley is 105 km long and 24 to 48 
km wide, covering 4,015 square kilometers. The San Pedro 
drainage has been more thoroughly dissected than other basins 
in southern Arizona? consequently, geologic formations are 
well exposed (Heindl, 1952). Approximately 2,600 km2 of the 
Lower San Pedro Basin are covered by desert flats and mesas 
and surface flow is intermittent throughout its extent.

A number of wells have been drilled in the basin. Table 
2 shows the wells of interest for this report. Depths-to- 
water in general tend to be deeper between Mammoth and just 
north of Redington, according to conversations with 
inhabitants of the area. Although outside the field area, 
well D-8-16(25dcd) east of Tiger mine is listed. The well is 
drilled to a depth of 654 m (2,145 ft). The depth-to-water 
in this well is 150 m (491 ft) and it is likely fault- 
controlled water from a deep aquifer.

According to the October 1986 to September 1987 water
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year, the average surface discharge of the San Pedro near 
Redington was 42 million m*/yr (34,200 acre-ft/yr). In 1951 
the total discharge from wells in alluvial fills was 
approximately 28 million m3 (23,000 acre-ft), most of which 
went to irrigation. Evapotranspiration accounts for at least 
43 million m3 (35,000 acre-ft) of discharge. Recharge from 
the mountains is approximately 30 million m3/yr (25,000 acre- 
ft/yr) and inflow from the Upper San Pedro and Aravaipa is 55 
and 32 million m3/yr (45,000 and 26,000 acre-ft/yr), 
respectively.

Ga1iuro Mountains Watershed

The existence of groundwater in volcanic rocks is evident 
from the large number of springs that drain the volcanic 
sequences. Perennial springs, numerous in the Galiuro Range, 
are defined by Todd (1980) as those that derive from extensive 
permeable aquifers and discharge all of the time. The 
variability in spring elevations suggests that local perched 
water tables within permeable volcanic units are being 
drained, not a regional water table. The D-9-21 (27daa) drill 
log record shown in table 1 notes "water between lava layers." 
Horizontal drilling into volcanic rocks is often successful 
in tapping these local water supplies.
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All mapped springs and faults within the study area are 

shown in figure 4. The locations of these springs are 
predominantly in denser andesitic and intrusive rock, 
suggesting that faults and fractures within the range act as 
conduits for the circulation of water. For instance, springs 
located in the central section of the range (just south of 
Kielburg Canyon) are located along fractures radiating from 
the proposed dacite dome outlined on the geologic map in 
figure 2. Pyritic-argillic alteration due to altering 
solutions migrating upward along faults and spreading 
laterally along the permeable zones also provides evidence for 
water-bearing structures and units. Prospect pits, mine 
workings and hydrothermally altered rock along the range-axis 
fault attest to permeability sufficient for the flow of 
mineralizing solutions (Creasey, 1981). The locus of the 
water feeding the springs may be the water table at depth, but 
over most of the range, water derives from perched water 
within the more permeable rhyolites and ash-flow tuffs.

The Hookers Hot Springs area in the southeastern Galiuro 
Range, is the exception; in that, the hot spring discharge 
likely moves under artesian pressure from deeper sources. 
Figure 4 shows the faults controlling the flow at the hot 
springs. The anomalously high temperatures and discharge 

rates in the area, 52°C and 6.9 1/s, respectively, support
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this hypothesis and reflect the known high heat flow 
characteristics of the Basin and Range province. Well D-10- 
18 (3b) , shown on Figure 4 also, presumably taps a fault zone 
and produces water with a temperature of 49°C (120°F) from a 

119 m depth. Sass et.al. (1982) indicate that scatter in the 
heat flow data of the upper crust is likely due to the cooling 
effects of fault-controlled groundwater circulation.

Only indirect and qualitative estimations can be made 
based on the sparse information available, since water-bearing 
and transmitting properties of volcanic rocks are known to 
vary widely. A semi-quantitative analysis can be made 
utilizing the recharge equals discharge relationship. Water 
entering the groundwater system in the valleys is derived for 
the most part from spring and subsurface flow near mountain 
fronts, streambed infiltration of runoff water from highlands 
and direct infiltration of precipitation. In most of the 
desert flatland basins, direct recharge from precipitation is 
negligible due to extremely high evapotranspiration rates. 
Mountain-front recharge, either subsurface or surface runoff, 
is the largest contributor. The hydrometric records from 
stations located at either end of Aravaipa Creek strongly 
suggest mountain-front recharge as the source that causes 
west-end discharge to greatly exceed east-end.

Unfortunately, an attempt to quantify mountain-front
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recharge based on its relationship with physiographic and/or 
geologic factors was unsuccessful (Wilson, et. al, 1980). 
Instead, twelve steady-state models were used to develop a 
relation between average annual mountain-front recharge and 
the total annual volume of precipitation on the watershed in 
excess of 20 cm (8 inches) (Anderson, 1985). Anderson's graph 
is based on the relation:

log Qr = -1.4 + 9.8 log (P > 20 cm (8 inches)) (1)
where Qr = recharge in acre-ft and P > 20 cm = total annual 
volume of precipitation in excess of 20 cm.

Annual precipitation, at the higher elevations between 
1,220 and 2,135 m in the Galiuro Mountains, ranges from 41 to 
51 cm (16 to 20 inches) . According to the graph, a 
precipitation of 41 cm results in a mountain-front recharge 
of 1.2 million ms (1,000 acre-feet), and 51 cm results in 2 
million m3 (1,700 acre-feet) of mountain front recharge. If 
this relation is considered valid, then 20 cm or 43 million 
m3 (35,000 acre-feet) of annual precipitation remains stored 
in the Galiuro Volcanics, evaporates or transpires from the 
surface.

Evapotranspiration is difficult to quantify, but at these 
higher elevations with more temperate climates, transpiration 
from plants accounts for most of the value. Gatewood (1950) 
uses the areal density method to predict the annual rates of
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water use by different phreatophytes. If the average areal 
density of phreatophytes covers half the range, then 50% of 
the 43 million m3 (35,000 acre-ft) available or 21.5 million 
m3 (17,500 acre-ft) accounts for the evapotranspiration from 
the mountain range. Qashu (1966) cites an empirical 
relationship between potential evapotranspiration (PET) and 
mean temperature in °C:

PET = 0.2 T mm/day (2)
where the constant is based on the annual radiation balance. 
This crude estimate of PET yields an annual sum of 1.8 to 2.5 
million m3 (1,500 to 2,000 acre-ft) for the Galiuro Mountains 

based on a 21 to 27°C (70 to 80eF) mean annual temperature. 

According to Adar (1984), Eagleman (1966) suggests that 76% 
of PET is the best estimate of actual evapotranspiration; 
therefore, according to this method evapotranspiration 
estimates for the Galiuro area range from 1.4 to 1.9 million 
m3 (1,125 to 1,520 acre-ft).

Qashu1s method is thought to yield a more reliable 
estimate of evapotranspiration than the method based on the 
areal density of vegetation, because as Gatewood's (1950) 
study points out, transpiration by vegetation is species- 
dependent. Subtracting the evapotranspiration from the 
precipitation not accounted for by mountain-front recharge, 
an estimate of the annual amount of water added to latent
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storage within the Galiuro Volcanics is possible. For an 
annual precipitation of 41 to 51 cm the amount stored per year 
is estimated to be about 41.5 million m3 (33,700 acre-ft).

On the basis of long-range studies of rainfall and runoff 
in arid climates, runoff is estimated to be 10% of the 
precipitation (Heindl, 1952). Runoff or mountain-front 
recharge based on this method is 8.7 and 10.9 million m3 
(7,067 and 8,833 acre-ft) for the 41 cm (87 million m3 or 
70,667 acre-feet) and 51 cm (108 million m3 or 88,333 acre- 
ft) precipitation estimates, respectively. The volume
remaining to be stored in the Galiuro Volcanics or to 
evaporate or transpire is 78 and 98 million m3 (63,600 and 
79,500 acre-ft) respectively. Using the above relationship 
to estimate evapotranspiration, the estimated amounts of water 
stored in the Galiuro Volcanics per year are 39 and 49 million 
m3 (31,800 and 39,750 acre-ft). These values compare 
favorably with the 41 million m3 (33,700 acre-ft) estimate 
from the other method.

The need for more information is evident from the crude 
calculation methods above. The above-estimated amounts of
water stored per year are optimistic considering the fact that 
groundwater travel is extremely slow and geochemical 
transformation processes are effective to great depths. Also, 
a considerable time-lag of months to many, years probably
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exists for water movement within the Galiuro Range, since 
groundwater movement is largely fracture and fault controlled, 
and the water table is deep and overlain repeatedly by low 
permeability strata. In general, structural discontinuities, 
variable permeabilities, anisotropic aquifers and a lack of 
reliable geohydrologic data for predictions in volcanic rocks 
all confuse the straight-forward geohydrologic approach. With 
these geohydrologic uncertainties in mind, it was hoped that 
the gravity surveying method would contribute a quantifiable 
parameter to help resolve the problem.

The gravity survey method has been used to determine 
groundwater volumes (West and Sumner, 1972; Spangler and 
Libby, 1968) . The method is based upon the application of 
Gauss's mathematical theorem to the gravity effect of a 
specific feature's anomalous mass. A mass deficiency occurs 
in the Galiuro Mountains because the density of volcanics is 
less than the bedrock density. Since mass deficiency is the 
result of pore space and pore space below the water table 
contains groundwater, the amount of ground water can be 
related to the mass deficiency.

The first assumption made is that the pore space in the 
alluvium from water table to bedrock is completely filled with 
water of density 1.00 g/cm3. Subtracting the anomalous mass 
of the unsaturated portion above the water table from the
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total anomalous mass results in the anomalous mass of the 
saturated portion. Since mass is equivalent to the density 
multiplied by the volume, the total volume of saturated rock 
can be estimated if the density contrast is known.

Using the volume of saturated rock and an estimated 
storage coefficient, the volume of groundwater available from 
storage is calculated. A storage coefficient is difficult to 
estimate without pump tests etc. and may decrease with depth 
regardless of test accuracy. In volcanic rock only crude 
estimates can be made. Furthermore, the total volume of water 
can be calculated from multiplying the volume of saturated 
sediments by the porosity. Again the laboratory calculated 
porosity is merely a rough estimate. Subsequent to the 
calculations of anomalous mass, these methods will be applied 
and discussed in the Correlations portion of the 
Interpretation section.
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CHAPTER 5 

GRAVITY SURVEYING

The gravity survey method of geophysical exploration 
involves measuring lateral variations in the Earth's 
gravitational acceleration that are associated with near
surface changes in density (Dobrin, 1960). Superimposed on 
these types of changes are the variations in gravity due to 
the shape and rotational characteristics of the Earth and 
mechanical drift of the instrument. Gravity fields obey
Newton's law of gravitational attraction:

G Mm
F = “ F  (1)

where F is the magnitude of the gravitational force, G is the 
universal gravitational constant, M and m are point or 
spherical masses, and r is the radial distance between M and
m. Since force is equal to mass times acceleration, by
substitution:

GM
g = F  (2)

where g is the gravitational acceleration, or the
gravitational force per unit mass. In the cgs system, the 
unit of gravitational acceleration is the Gal, which is equal 
to 1 cm/s2. For the Earth, g « 980 Gals. For gravity 

exploration work, the milligal (mGal) is a.more convenient
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unit, being equal to 10*3 Gal = 10'3 cm/s2.

Another important law governing gravitational fields is 
Gauss's law of gravitational flux, given as:

} { g • dS~ = -47TGM (3)

where g is gravitational acceleration, dS is a unit vector 
normal to some surface S that encloses a mass M. This 
equation states that there are 4nGM lines of gravitational 
flux emanating from a surface S enclosing a mass M.

As will be discovered later, the above equation has 
important applications because it relates the mass of a body 
uniquely to its gravitational attraction measured over an 
arbitrary surface s (Hammer, 1945). However, this relation 
says nothing about the distribution of mass, which is often 
of primary interest in exploration work. The lack of 
uniqueness of the mass distribution gives rise to the inherent 
ambiguity in gravity interpretation (Skeels, 1947).

Field Procedures

The interior portion of the Galiuro Wilderness Area is 
accessible by relatively few, marginally maintained trails. 
Base camps were established so that the 12 volt gel-cell 
batteries required to stabilize the gravimeter's internal
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temperature could be recharged using a solar panel, as shown 
in figure 5. A hard frame backpack was employed for safe 
transport of the gravimeter in areas inaccessible by vehicle.

Gravity readings were taken at a nominal spacing of 1 
mile over the Galiuro Mountain Range and well into the 
alluvial basins bordering the range. Gravity station 
locations were plotted in the field on U.S. Geological Survey 
7 1/2-minute topographic maps. The contour interval on the 
maps is 40 feet with 20-foot contours in flatter terrain. 
Forty-four percent of the stations are located on bench marks, 
section corners or spot elevations, while the remaining 
stations are located at prominent geographic or topographic 
features. Three small field altimeters were read at each 
station, providing a means of checking the station elevation 
and location. A terrain correction extending a radial 
distance of 68 m (223 ft) from each station (zones A & B on 
the Hayford-Bowie charts) was calculated in the field, using 
for the most part half cone, half slope, and displaced half 
slope models (Robbins and Oliver, 1970). Since the effect of 
topography decreases proportionally with the distance squared, 
this field calculation is important in rugged terrain.

The Lacoste-Romberg gravimeter is discussed by Telford 
(1981) and Parasnis (1986). The sensitivity of the 
instrument, lacking recent upgrades, is about 0.01 mGal. The
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Figure 5: Photo showing solar panel charging a 12 V gel-cellbattery
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gravimeter measures only relative changes in gravity, 
therefore a base station must be read before and after a 
survey. Two base stations previously tied into the 
International Gravity Station Network (IGSN-71 gravity 
standard) were utilized. The Tucson GS base station is 
located on the basement level in the northeast stairwell of 
the Gould-Simpson building at the University of Arizona. The 
Willcox base station is located at Cochise County Airport on 
the northwest side of the terminal porch. The observed 
gravity at these base stations is 979,241.056 and 979,083.110 
mGals, respectively. Two field base stations were 
established. The bench mark located at the southeast corner 
of First Ave. and Magee Rd. in Tucson was tied into known base 
stations on five loops and the determined gravity was 
979,241.920 mGals. The second field base was located on a 
bench mark at the intersection of the Aravaipa-Bonita road and 
the road going east to Safford. The observed gravity at this 
field base is 979,162.860 mGals, determined by making four 
loops with the gravity base station at the Willcox Airport 
(Robinson, 1975). Base station descriptions are provided in 
Appendix A.
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CHAPTER 6 

GRAVITY REDUCTION

The object of a gravitational survey is to apply 
reductions so that anomalies reflect only lateral density 
contrasts and to isolate the causative features of these 
gravity anomalies. Gravity anomalies correlated with geology 
can also delineate and better define structural features.

Density Data

Density is a physical property that varies significantly 
with rock type due to differences in mineralogy and porosity. 
Rock samples for density analysis were collected at 384 
station locations in the Galiuro Mountain Range. A Mettler 
PM 4000 scale, precise to 1/100 of a gram, was used to weigh 
the samples in the laboratory.

The buoyancy or volume displacement method, by which a 
rock fragment displaces an amount equal to its own volume 
diminishing its apparent weight by the weight of the liquid 
it displaces, was employed to analyze the samples. This 
method allows dry and saturated bulk density, apparent grain 
density, and water-accessible apparent porosity to be 
calculated from the measurements. The advantage of this
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method is that all measured volumes are derived from precise 
measurements of weight, instead of more common inexact volume 
determination methods (Carmichael, 1984). This procedure 
entails three weighings. First, the dry weight is measured 
in air (Wj) , after which the samples are saturated for at 
least 24 hours. Then the sample is suspended in a mesh 
container held by a fine-diameter wire in water and weighed 
(W3). Finally the surface is dried and the still saturated 
sample is weighed again in air (W2). Saturated bulk density 
(ab) is calculated using the formula:

— -W2____
ab = W2 - W3 (4)

Grain density (ag) is calculated using the formula:

— Hi--° Wx - W3 (5)
Total porosity is a measure of all void spaces in a 

porous material, whether the voids are isolated or
interconnected. Porosity or volume of void space is
calculated from the relationship between saturated bulk 
density and grain density. The formula for porosity (0) 
expressed in percent is:

0 = [1 - <7b/cg].100 (6)

Table 3 shows the average and range of my measurements 
of density values and porosities for the different rock units 
in the Galiuro Range. A majority of the rocks within the



ROCK UNIT 
SAMPLED

NUMBER Of AVG GRAIN GRAIN DENSITY AVG DRY BULK 
SAMPLES DENSITY RANGE DENSITY

(g/anA3) (8/011*3) (g/an*3)

DRY BULK AVG SATURATEDATURATED BUL1 AVG TOTAL TOTAL POROSITY 
DENSITY RANGE BULK DENSITY DENSITY RANGE POROSITY RANGE

(g/anA3) (g/anA3) (g/ai^S) (% )  ( % )

VTTRWHYRE 29 2.42 229-2.57 236 2.13-2J7 238
TUFF 35 2.40 207-261 2.11 1.71-2.46 223

TT ANDESITE 4 2.72 251-294 262 2.36-2.87 2 6 6
RHYOLITE FLOW 73 2.48 220-270 2.31 1.90-2.67 238

RHYODAOTE 4 2.61 253-266 246 2.34-2.61 2 5 2
RHYCUTEDIKE 4 2.51 2.51-2.53 240 2.30-2.48 245

QTZMONZONITE 2 2.60 2^4-265 255 2.48-2.61 257
HOLY JOE TUFF 16 2.38 1.97-259 218 1.55-2^2 22 7

PARCB 1 2.10 1.58 1.83
LATTTEPORPH 20 2.49 221-277 2.36 2.10-2.69 2 4 2

IGNIMBRITE 35 2.21 1.80-258 1.95 1.53-Z41 20 7
HOST ROCK 1 2.50 246 248

GRANITE 1 2.61 2.57 259
FF RHYOLITE 32 2.50 237-262 2.33 1.97-2^7 23 9

FF HOLY JOE TUT 2 2.59 258-2.60 2.41 Z40-Z43 248
FFLATTTEPW 4 2.52 246-259 2.31 Z09-Z48 239

DIKE 4 2.65 2.58-268 257 2.49-2.65 2.60
DACTTE 1 2.55 249 2.52

CONGLOMERATE 2 2.69 2J5-274 2.62 Z49-Z70 265
CLASTIC 1 2.46 242 2.44
BASALT 2 2.64 2.46-265 259 2.42-Z60 261

BAS ANDESITE 4 2.76 2.67-2.82 275 2.64-2.81 275
ARKOSESS 1 2.69 2.67 268

ARCS 2 2.32 2.30-235 201 1.90-2.11 2.14
ANDESITE (V) 1 2.65 2.54 2.58

ANDESITE DIKE 3 2.59 2J2-265 2.51 2.41-2.60 2.54
ANDESITE 36 2.63 2J1-2.81 2.55 Z20-Z80 258

ASH FLOW TUFF 12 2.31 1.93-2.57 208 1.52-Z55 2.19
/ELDED ASH FLO' 11 2.46 231-257 2.29 Z08-Z48 2.36

T-VOLCANICS 41 2.53 1.73-296 2.36 1.73-Z90 2.43

223-257 251
1.88-252 1210
242-289 3.46
204-2.68 7.04
245-2.63 5.73
239-250 4.44
251-263 2 0 0
1.77-2.55 8.59

24.95
2.15-2.72 5.19
1.68-2.45 11.65

1.64
1.42

215-2.59 6.99
248-249 6.99
225-252 8.51
253-266 283

224
252-271 235

1.49
244-261 2.19
2.65-2.81 0.62

0.62
2.08-2.21 13.67

4.25
2.45-2.62 3.15
234-280 3.15
1.73-2.56 10.77
2.18-250 6.90
1.89-2.92 6.92

4.89-14.12
3.06-23.82
2.22-5.84
0.11-1555
1.84-10.85
2.21-8.43
1.63-2.37

Z66-21.16

0.23-12.83
0.78-23.36

0.10-17.68
6.07-7.91

4.42-15.97
1.27-4.54

1.49- 3.20

1.49- 2.88 
0.16-1.16

0.62-17.35

1.76-4.29
0.41-13.78
1.10-23.92
0.84-14.62
0.04-19.76

Table 3 Laboratory-measured densities and porosity of Galiuro Mountain rock samples
mH
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mountains are andesite and rhyolite flows and tuffs of which 
37, 100 and 64 samples, respectively, were measured. The bar 
graph in figure 6 compares the average saturated bulk density 
with the average grain density and documents the number of 
samples measured for each rock type. The densest rock 
measured in the range is basaltic-andesite with a saturated 
bulk density of 2.70 g/cm3 and the least dense is a pumaceous 
ash-rich clastic breccia at 1.83 g/cm3. The average rhyolite 
saturated bulk density calculated from laboratory measurements 
is 2.41 g/cm3, which is close to the average 2.45 g/cm3 value 
reported in the compilation of estimated bulk densities from 
the southwestern United States in table 4. According to this 
table, a bulk density average for andesite is 2.61 g/cm3 and 
the laboratory calculated average for the Galiuro andesite is 
2.57 g/cm3. The ash-flow tuffs average saturated bulk density 
was 2.33 g/cm3, according to laboratory measurements, but 

varies widely with degree of welding.

Gravity Anomalies

The relative intensity of the earth's gravitational field 
is determined by the density of near-surface crustal rocks 
among other things. The magnitude and shape of measured 
gravity anomalies is dependent upon the density contrast of
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Authors &  
Publication Date

R ock U nit 
Sampled

M ean Bulk  
Density  

g/cc

Bulk D ensity  
Range 

g/cc

Robinson (1975) Tertiary Volcanics 2 .4 5
Eaton (1970) 2 .5 0
D avis (1967) 2 .3 5

Spangler & Libby Volcanics 2 .4 0
(1969)

W est & Sumner Rhyolite 2 .3 3
(1972)

Andesite 2 .5 6

Telford (1976) Rhyolite 2 .5 2 2 .3 5 -2 .7 0

Andesite 2 .61 2 .4 0 -2 .8 0

Carmicheal (1984) Rhyolite 2 .4 9

Andesite 2 .65

Rhyolite Obsidian 2 .3 7 2 .3 3 -2 .4 1

Andesite Glass 2 .4 7 2 .4 0 -2 .5 7

K lein (1983) Andesite 2 .6 6

Dacite 2 .4 9

Spangler & Libby Alluvium 2 .2 2
(1969)

Eaton (1970) 2 .2 5

Robinson (1975) H ell H ole Conglom 2 .0 5

Table 4: Bulk densities of rocks common to the southwestern
United States
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the rocks involved, the vertical relief of the structure, the 
depth of burial of the structure, and the horizontal extent 
of the bodies of rock (Nettleton, 1971). The departure of 
this gravity value from the theoretical value of gravity on 
the spheroid (a mathematical model of the shape of the Earth) 
at the latitude and longitude of the station is the definition 
of a gravity anomaly (Dobrin, 1989). The spheroid is a 
mathematical approximation of the shape of the Earth, roughly 
coinciding with the geoid, which is the sea-level 
equipotential surface.

Reduction Process

Gravity stations from the Arizona Gravity Data Base 
(AGDB), housed at the University of Arizona, were added to the 
566 new stations collected for this thesis. All existing 

stations within 32°151 and 33°001 north latitude and 110°071 

and 110°37.5' west longitude were extracted and added to the 

input file for the program BOUGUER so that terrain corrections 
would be uniform. Robinson's (1975) data were incorporated 
in the database, but he also supplied his raw gravimeter 
readings to be reduced using the same process as the new 
Galiuro stations. Gravity survey and reduction procedures 
follow Grant and West (1965) , Telford et. al. (1981), Parasnis
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(1986) and Dobrin (1989).

The first step in reducing the field data is to convert 
the dial readings recorded in the field from the LaCoste- 
Romberg gravity meter to milligals using the conversion tables 
supplied by the manufacturer. Next, the data are corrected 
for the cyclic variations in gravity due to the tidal 
attraction of the Sun and Moon. These Earth tide effects 
average 0.3 milligal during the course of a day. The 
amplitude of the correction for this effect is:

C = P + Ncos0(cos0+sin0) + Scos0(cos0 - sin0)(7) 

where 0 is the latitude of the gravity station and P, N, and 

S are coefficients published annually as a supplement to the 
journal Geophysical Prospecting by the European Association 
of Exploration Geophysicists.

The springs or torsion fibers in a gravimeter are subject 
to slow creep over long periods of time; that is, they are not 
perfectly elastic. As much as .03 milligal/day of drift can 
be attributed to the instrument and corrections are made by 
assuming a linear drift with time. The base station is 
occupied at the beginning and end of each survey so that the 
tide-corrected difference in milligals between these two base 
readings divided by the elapsed time is the determined drift 
rate.

Having converted the dial reading to milligals and
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corrected for Earth tide effects and instrument drift, the 
observed gravity (OG) can be calculated. The observed gravity 
is the observed gravity at the field base station plus the 
difference in gravity between the base and the field station. 
The observed gravity is the output from the computer program 
GREDUC (Webring, 1986).
Latitude Correction fLC^

The theoretical gravity (TG) on the geoid is given by the 
International Gravity Station Network - 1971 (IGSN-71) as g 
equals:

g (0) =978.0318(1 + .00527889 sin20 + .00002346 sin220)gals (8) 

and is a function of station latitude. Due to the flattening 
of the poles and changes in the centrifugal force acting on 
the Earth's sphere, theoretical gravity changes with latitude 
and reaches a minimum at the equator and increases to a 
maximum at the rotational pole.

Latitudes and longitudes were obtained by careful 
digitization of gravity station locations from 7-1/2 minute 
topographic quads using a computer program called GSMAP 
(Seiner and Taylor, 1987). Careful scaling from U.S. 
Geological Survey 7-1/2 minute maps was completed for over 
half the stations and all comparisons between the two were 
within one tenth of a minute of each other, most were within 
one hundredth of a minute.



58
Curvature Correction fCCl

After applying the standard free-air (FAC) and Bouguer 
(BC) corrections a curvature correction was applied. The 
curvature correction for bending the Bouguer slab around 
the spheroidal Earth is:

gc = h(h(1.27 • 10"15h - 3.282 • 10'8) + 4.462 . 10'4) (9)

where h is in feet (Aiken, 1976). The curvature correction 
is subtracted from the simple Bouguer gravity anomaly before 
the terrain correction is added to obtain the complete Bouguer 
anomaly. This equation is used in the Plouff terrain 
correction program used in BOUGUER (Godson and Plouff, 1988) . 
Terrain Correction (TO

Gravity measurements are also influenced by the 
topography surrounding the station. A hill near a station 
will exert an upward gravitational attraction that opposes the 
vertical force of gravity. A valley, on the other hand, 
represents an area that is mistakenly corrected for by the 
Bouguer slab. Both types of topographic feature then decrease 
the gravity measurement at a station, so that the terrain 
correction is always positive. Each station is corrected for 
terrain radially out to 167 kilometers.

Complete Bouguer anomalies were calculated for all 
gravity stations in the Galiuro Mountains and surrounding
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area. The complete Bouguer anomaly (CBA) is defined as:

CBA = OG - TG + FAC - BC - CC + TC. (10)
Using the microcomputer gravity-terrain-correction program 
BOUGUER, the calculation of the complete Bouguer anomaly is 
incorporated into Plouff's (1966) terrain correction program 
(Godson and Plouff, 1988). Digital terrain is divided into 
geographically-bounded compartments consisting of 15 second 
arc distances. The program requires an observed gravity file 
as input, which is one of the output files from GREDUC. (See 
Appendix B for input/output file formats).

Gravity Anomaly Mans

Following the reduction process, the free-air, complete 
Bouguer and two residual complete Bouguer gravity anomaly maps 
were generated. The contouring program PCCONTUR (Godson, 
et.al, 1988) was used in conjunction with PRJREC and MINC for 
map projection and minimum curvature surface-fitting, 
respectively (Webring, 1989 and 1981). Sample command files 
for these programs are listed in Appendix B. Gravity 
anomalies corrected only for elevation and latitude produce 
the free-air gravity anomaly map. Since elevation is the 
primary controlling factor, the anomalies tend to be high over 
higher elevations and low over the lower elevations. A
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complete Bouguer gravity anomaly map represents the output of 
all above corrections and reflects primarily lateral density 
contrasts in the subsurface. Gravity reduction can be taken 
one step further by accounting for a long-wavelength regional 
trend that extends outside the area of interest. This 
regional trend can be mapped and removed from the complete 
Bouguer anomalies leaving the residual complete Bouguer 
gravity anomaly map, which most accurately reflects the local 
lithology, structure and geohydrology of the area. This 
process is described in subsequent sections.

Error Analysis

The accuracy of the calculated complete Bouguer anomalies 
is a function of the accuracy of the station elevations (E), 
the station latitudes (L), and the accuracy of the topographic 
corrections (T) . Any error in the observed gravity (except 
for human error) is considered to be negligible, because of 
the high sensitivity of the LaCoste-Romberg instrument and the 
fact that the observed gravities were corrected for tidal 
effects and instrument drift. r

The most critical contribution to the error in gravity 
values is the station elevation. An error of one foot in the 
station elevation will introduce an error of 0.06 milligal in
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the complete Bouguer anomaly. Forty-four percent of the 
stations established in the Galiuro Mountain area were located 
on bench marks, section corners, or spot elevations on the 7- 
1/2' maps. A maximum error in elevation at these points is 
plus or minus one foot, resulting in an error of ± 0.06 mGal 

in the complete Bouguer anomaly. Elevations for 317 stations 
were interpolated using 7-1/2' maps with 40 foot topographic 
contour intervals, with the exception of the Harrison Canyon 
and The Mesas sheets which have 20 foot contour intervals. 
According to National Map Accuracy Standards, the elevations 
of 90% of the points tested should agree with elevations 
interpolated from contour lines within one-half the contour 
interval. Additionally horizontal positions of at least 90% 
of well-defined planimetric features must be accurate within 
one-fiftieth of an inch on the published map (Marsden, 1960). 
Therefore, the maximum error in elevation for station 

elevations determined by interpolating between contours is ± 

20 feet, which results in an error of ± 1.20 milligals in the 

complete Bouguer anomaly.
Using the 7-1/2 1 sheets scaled at 1:24,000, the latitudes 

of gravity stations were determined by digitizing station 
locations using a program called GSMAP. Digitization using 
GSMAP is only as accurate as the map being digitized. The 
accuracy of horizontal positions for planimetric features is
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40 feet, according the National Map Accuracy Standards. The 
theoretical gravity on the spheroid thus can be considered 
accurate to ± 0.01 milligals.

Errors in the topographic correction are more difficult 
to determine. West (1970) discussed errors in the terrain 
correction resulting from the inaccuracy of the topographic 
data used. For an elevation error of 8 m for topography out 
to 1,280 m (Hammer zone E) , the resulting error in the 
correction would be approximately ± 0.6 mGal. Errors in the 

part of the correction beyond this radial distance are 
considered to be much less and are, therefore, ignored. 
Within the BOUGUER program, a digital terrain correction 
subroutine based on a geographic framework corrects inwardly 
to a circular radius around the station location. The digital 
elevation model used in the program is only as accurate as the 
map that it was derived from. Therefore, the maximum total 
error in the topographic correction estimated by West (1970), 

±0.60 milligal, should likewise account for the digital 

terrain corrections.
Since maps used for station locations do not show terrain 

in the detail needed close to the station, terrain corrections 
for A-B zones are calculated in the field. The half-slope and 
displaced half-slope method of correcting for this terrain is 
the most useful one. It is estimated that over 75% of all A-
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B zone terrain corrections can be determined by using the 
displaced half-slope chart (Robbins and Oliver, 1970). Most 
other terrain close to the station can be accounted for using 
a half-cone (truncated-cone) model, since station locations 
are usually flat at least for 3 or 6 meters. These field 
calculations should account for any additional error that may 
accrue from gravity measurements in rugged terrains.

For any complete Bouguer anomaly, the average probable 
error can be expressed as a root mean square of the errors 
involved in the calculation (Sumner, 1971):

Probable Error = ([(L)2 + (E)2 + (T)2]/(L+E+T)/3) 1/2 (11)

where L, E and T are the latitude, elevation and terrain 
correction uncertainties, respectively. For the 243 stations 
located on bench marks, section corners, or spot elevations, 
the probable error is:

{[(0.01)2 + (0.06)2 + (0.60)2]/0.67/3)1/2 = + 1.63 mGals. (12)

The probable error for the 311 elevations determined by 
interpolating from the topographic contours is:

{[(0.01)2 + (1.20)2 + (0.60) 2]/l. 81/3 ] }1/2 = ± 2.98 mGals. (13)

In addition to these sources of error, density must be 
chosen properly for the Bouguer correction to remove the
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effect of the layer and magnify the effect of anomalous masses 
of interest. For example, density errors of 0.1 and 0.5 g/cm3 
yield gravity anomaly errors of 2.1 and 10.5 mGals, 
respectively. Unfortunately the errors due to incorrect 
Bouguer densities are elevation dependent. From Table 3, 

density error could be < 0.2 g/cm3, depending on the relative 
abundance of lithologies.
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CHAPTER 7 

INTERPRETATIONS

The basic ambiguity involved in interpretation of gravity 
data lies in the fact that each anomaly pattern can be 
generated by an infinite number of configurations for the 
causing body. The methods discussed below have been developed 
to aid in the interpretation of gravity anomalies. The 
gravity signature is examined using these various 
methodologies along with known information, and improved 
geological and geohydrological interpretations result.

Free-air Gravity Anomaly Map

The free-air anomaly map, contoured at a 5 mGal interval 
in figure 7, shows the elevation-dependent nature of the 
anomaly, that is, gravity highs over the mountain range and 
lows over the lower elevations. As noted by Sumner and others 
(1976), the zero free-air gravity contour tends to follow the 
pediment edge in the alluvial basins. In figure 7, the zero 
contour line is closely aligned with the mapped range-bounding 
fault mapped by Creasey (1981) in the Sombrero Butte area. 
The free-air gravity anomaly values in the area range from - 
60 mGals in the alluvial basins to +60 mGal on the high peaks.
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Within the range, Kielburg Canyon on the west and Rattlesnake 
Canyon in the northeast show up as prominent lows indicating 
their deeply incised geometry.

In some mountainous areas, free-air anomalies show a 
topography dependence that is related to regional compensation 
of the average elevation of the area rather than to the 
elevation of the observed site (Lysonski, 1980). The free- 
air anomaly of compensated topography depends on the scale of 
the feature of interest. The Galiuro Mountains are not large 
enough to exhibit this effect.

Complete Bouauer Gravity Anomaly Mao

Figure 8 is a complete Bouguer gravity anomaly map of the 
Galiuro Mountains and surrounding area using a standard 
crustal rock bulk density of 2.67 g/cm3. Gravity station 
locations are shown and their respective principal facts are 
listed in Appendix C. The contour interval is 2 mGals with 
labeled contours at 10 mGal intervals. The Bouguer anomalies 

trend N 30°W, parallel to the structural trends of the Basin 

and Range province of southern Arizona. The normal faults 
distinctive to the province often are delineated by steep 
gravity gradients due to abrupt density changes. The closely- 
spaced listric or low angle faults in the southern Galiuros,
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producing moderate relief and tilting of beds, show up most 
clearly on the complete Bouguer map but are less obvious than 
higher angle faults. The fault block structure of the Galiuro 
Mountains is most visible in figure 8 by the elongated 
contours and steep gradients.

The steep linear nature of anomalies along the range 
front and along the Rattlesnake and Redfield Canyon range axis 
suggest the existence of normal fault offsets as the causative 
structures. A throw of 4.3 and 2.4 km, respectively, were 
calculated using the step fault gravity model (Grant and West, 
1965). Both are downfaulted to the west-southwest. In the 
north, the steep gradient leading into the Aravaipa low 
indicates a normal fault downthrown to the east between 
Galiuro Volcanics and Hellhole Conglomerate, which agrees with 
Robinson's 1975 interpretation. Low angle faults are located 

in the Galiuro Range south of 32*30' where extension may be 

greater.
The gravity lows reflect the lower density alluvial fill 

on either side of the range and the thicknesses of these 
alluvial units. The complete Bouguer gravity anomalies 
decrease in the Aravaipa and San Pedro Valleys to less than 
-160 mGals and to less than -170 mGals in the Sulphur Springs 
Valley southeast of the range. The northern Sulphur Springs 
Valley minimum correlates with depth-to-bedrock data and
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represents deeper alluvial fill (305 to 488 m) than the other 
two. Between the western range front fault and the range axis 
fault, both of which exhibit steep elongated gravity 
gradients, there is a prominent -160 mGal minimum. The 
prominent low correlates with lower density rhyolite flows and 
the greater thickness of volcanics on the downdropped side of 
the fault. The local highs within the range overlie higher 
density andesites and intrusive rocks.

The anomalies in Figure 8 increase to nearly -140 mGals 
to the north and south of the high (1,525 to 2,135 m) Galiuro 
Range. Pre-Tertiary rock, absent within the high Galiuro 
Range except for a small unit thought to be a roof pendant, 
outcrops in these areas. These gravity highs seem to reflect 
a local regional trend upon which the low-density volcanics 
and caldera depression is superimposed. This saddle-shaped 
local regional was modeled for a regional-residual separation. 
The longer wavelength statewide regional trend is not well 
defined within the field area, due to the structural and 
tectonic complexity of the area, but was also modeled for 
comparative purposes.

Before removal of the regional trend, the Bouguer 
reduction density, which minimizes the correlation of 
topography with the complete Bouguer anomalies, must be 
determined. The density used yields an average bulk density



69
for the volcanics between the highest and lowest elevations. 
In addition to the laboratory method of density determination 
a graphical solution was also applied. A comparison between 
the relative amplitudes of anomalies associated with different 
reduction densities and their geologic unit will yield the 
bulk density of that particular unit, neglecting structural 
discontinuities.

Graphical Solutions for Bulk Densities

A graphical method for determining the bulk density of 
material comprising a given topographic feature was developed 
by Nettleton (1939) . The equation for the Bouguer correction 
is 0.012776ct mGal/ft above sea level, where a is the bulk 
density of the topographic feature. A number of gravity 
profiles can be generated by inputting a range of bulk 
densities (a) for stations within a given geologic unit. The 

representative density, if structural discontinuities could 
be ignored, is the one whose gravity profile exhibits a 
minimum correlation with topography. Graphs of complete 
Bouguer anomalies at different densities verses elevation for 
several such profiles were generated. By calculating a linear 
regression for each gravity profile, the one that most closely 
approaches a straight line is precisely determined. This
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profile represents the bulk density of the geologic unit that 
it traverses.

Graphical solutions for representative bulk densities of 
rhyolite and andesite units are shown in figures 9 and 10. 
As shown in figure 9, the bulk density calculated for the 
rhyolite units is 2.43 g/cm3, which is in very close agreement 
with the saturated bulk density, 2.41 g/cm3, calculated in the 
laboratory. Andesite units have a bulk density of 2.66 and 
2.57 g/cm3, as calculated using the graphical (shown in figure 
10) and laboratory methods, respectively. This discrepancy 
is most likely due to vuggy and vesicular samples measured in 
the laboratory, lowering the average density measured.

The bulk-density value chosen to represent the average 
over the entire Galiuro Range was 2.43 g/cm3, since tuffs of 
all degrees of welding must be accounted for. This is the 
Bouguer reduction density used in developing the residual map. 
This value closely agrees with accumulated bulk density data 
from southwestern United States, listed in table 4, which 
averages to 2.45 g/cm3 for Tertiary volcanic rocks.

Regional Gravity Effects

Calculation of the complete Bouguer anomaly accounts for 
gravitational effects due to the shape and rotation of the
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Earth, the attraction of mass between the station and mean sea 
level, and topography. However, deep crustal effects have not 
thus far been considered. Long-wavelength regional gravity 
anomalies result from density heterogeneities in the deeper 
crust and in the mantle. According to the classical isostatic 
concept, the buoyancy, and thus elevation, of a land mass is 
dependent upon hydrostatic conditions at depth and deviations 
in the stress-field. Long-wavelength geodetic measurements 
made by satellite show that the geoid elevation in Arizona 
relative to the GRS-67 spheroid (Lysonski, 1980) increases 
across the state from a -32 m value near Yuma to -18 m to the 
northeast. This regional trend is probably due to a density 
increase to the northeast in the upper mantle or deeper crust. 
These long-wavelength regional features may be removed from 
the anomalies of interest by making a regional-residual 
separation.

Data may be considered to consist of three parts: a 
linear trend or drift in the average values of the signal, 
various periodic or cyclic components, and a random component 
(or noise). The Fourier series method for detecting trend 
surfaces from sets of discrete points was employed by Aiken 
(1976) to model the regional gravity trend. A regional 
component can be removed from the data by truncation of the 
higher harmonic coefficients, which is to say, elimination of
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high frequencies. A regional Bouguer anomaly map, following 
Aiken's method, was generated by multiplying the regional 
elevation (averaged over a 167 km radius) by -0.0341 mGal/ft 
(the Bouguer correction for a density of 2.67 g/cms) . This 
regional gravity map is plotted at 1:500,000 scale with a 2 
mGal contour interval on figure 11. This map extends well 
beyond the field area in all directions, so that end effects 
generated by the contour program are of no consequence. The 
regional gravity trend is characterized by a decrease in 
gravity of approximately 1.25 mGal/km to the east-northeast, 
which is related to an increase in average elevation in that 
direction.

A local or bedrock regional trend surface was also 
modeled based on the presence of the gravity highs in the 
north and south ends of the Galiuro Range, as seen on the 
complete Bouguer anomaly map. Using the bedrock stations as 
a base datum, shown in table 5, a model was constructed of the 
elongate gravity high representing a typical range flanked by 
low density alluvial fill, neglecting the eruption of the 
Galiuro Volcanics and the resulting structure. The local 
regional Bouguer anomaly map contoured at 2 and labeled every 
4 mGals at a scale of 1:500,000 is shown in figure 12. By 
making a regional-residual separation using this model (Figure 
12), as opposed to Aiken's, the feature of interest, the
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Station Longitude Latitude Free-air Complete Elevation
Id. (degrees) (degrees) (mgals) Bouguer (feet)

F8 110.523 32.369
GM151 110.298 32.366
8N38 110.346 32.952
2555F141 110.146 32.832
GM260 110.578 32.806
GM323 110.551 32.529
59183-33 110.640 32.897
GM204 110.457 32.693

-10.336 -124.953 3689.200
-1.026 -128.327 4090.000
20.171 -131.342 4920.000
24.885 -120.411 4686.000

-14.360 -113.940 3260.000
-36.250 -133.245 3115.000
—18.808 -109.061 2918.000

8.937 -127.157 4460.000

Table 5: Gravity Stations Located on Bedrock
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Figure 12: Local regional Bouguer gravity anomaly map of the
Galiuro Mountains
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volcanic depression and Galiuro volcanic fill, should be 
accentuated.

Reoional/Residual Separation

The residual map using the Aiken et.al. (1981) method was 
produced by applying a variable Bouguer reduction datum to the 
Bouguer correction using the following Bouguer reduction 
formula:

9bc = 27TGct (ELg - ELft)
where G = universal gravitational constant, a = density, ELg 
= station elevation and EL% = a variable surface representing 
regional topography. If the variable datum representing the 
topography is applied to the Bouguer correction, the result 
is the subtraction of the gravity effect of less topography 
than when the usual sea level datum is applied (Aiken, 1981).

The computer program RESID computes the regional 
topography from second-degree Fourier coefficients and 
subtracts the variable thickness Bouguer slab effect generated 
from the free-air anomaly (Aiken, 1981; modified by Gettings, 
1990). The result is a residual gravity value computed for 
each station in the Galiuro Mountain field area. This 
regional-residual separation removes most of the long- 
wavelength changes in gravity associated with deep crustal
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density heterogeneities related to isostasy but does not 
remove gravity effects due to local changes in bedrock 
density.

For this reason, the "local" regional trend was computed 
based on eight bedrock (pre-Tertiary rock) gravity stations 
and well log data surrounding the Galiuro Range. The model 
extends the gravity high on the complete Bouguer anomaly map, 
figure 8, in the Little Table Mountain/Sombrero Butte area in 
the northwest down to the high in the Cherry Springs Peak/Soza 
Mesa area in the southeast, forming a saddle over the central 
Galiuros. This model was then contoured using 1 km grid 
intersections and subtracted from the complete Bouguer anomaly 
map run with the same grid spacing at a bulk density of 2.43 
g/cm3, using SGADD (Gettings, revised 1990). The result is a 
"local" residual Bouguer gravity anomaly map. Residual 
gravity values on this map presumably reflect lateral density 
contrasts between different units of the Galiuro Volcanics, 
local bedrock and alluvium.

If the regional trend is properly removed, then the 
residual values over bedrock should approximate zero (Sumner, 
1989) . The data in table 5 along with the plotted station 
locations, figure 8, show that the bedrock residual values 
correlate with the 0 mGal contour. Residual gravity values 
range from 0 to -16 mGals over the Galiuro Mountains, mainly
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reflecting the low-density mass of volcanic rocks.

Residual Complete Bouauer Gravity Anomaly Mao

The two residual Bouguer gravity anomaly maps generated 
by the above separations are shown in figures 13 and 14, with 
a 4 and 2 mGal contour interval, respectively. Both maps are 
useful, depending upon the particular anomalies of interest. 
Aiken's methodology uses a trend that parallels that of the 
Galiuro Mountains and therefore accentuates the basin and 
range relationship. This map is called the Residual Complete 
Bouguer Anomaly Map and is shown in Figure 13. The local 
residual (Figure 14) accentuates the Galiuro volcanic rocks 
and removes some of the effects of the basin and range type 
topography. Since the Galiuro volcanics are the focus, the 
Local Residual Bouguer Gravity Anomaly Map is emphasized in 
this thesis and shown on the 1:100,000 scale map, figure 15, 
with a contour interval of 2 mGals.

The local residual Bouguer gravity anomaly map is labeled 
with general trends and specific anomalies in figure 14. The 
arcuate trend indicated follows an east-northeast to west- 
southwest contour perturbation superimposed on the overall 
north-northwest trend, typifying that of the Basin and Range 
province. The proposed E-W trending fault shown in figure 4
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and bedrock stations indicated on figure 8 provide points of 
control for two possible placements of the ring structure, 
which is labeled OR, and 0Rb, respectively, on figure 14. The 
proposed fault is based on driller's logs shown in table 1, 
with CPP1 and B2 located on the downfaulted side and Bll on 
the upthrown block (Moran, 1989). The proposed fault and well 
locations are shown in Figure 4. The bedrock outcrops are 
listed in table 5, with the exception of the outcrop at the 
confluence of Redfield and Negro Canyons in the Galiuro Range, 
which is thought to be a roof pendant. This arcuate trend 
encloses an overall gravity minimum with superimposed local 
highs, associated with the silicic vent complex proposed in 
the geologic setting. The trend suggests an outer ring 
caldera structure that is extended along faults controlling 
the alignment and elongation of the volcanic units.

The closed maxima and minima anomalies within the Galiuro 
Range correlate extremely well with the high- and low-density 
lithologic units. Closed positive residual gravity anomalies 
associated with vent complexes of silicic extrusives are most 
likely due to the shallow massive intrusives. The western 
range front is marked by a series of these highs joining the 
bedrock highs to the north and south. The intrusive complex 
(quartz latite to dacite) in the Kielburg Canyon area marks 
the maximum high along the trend. Directly to the east of the
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maxima and west of the range axis fault, an elongate closed - 
8 to -16 mGal low results from the lower-density, downfaulted 
rhyolite flows. East of this fault, the local closed residual 
gravity highs represent higher density uplifted andesite flows 
or rhyodacite to latite intrusive rocks within the rhyolite 
flows. The massive dacite intrusive inferred on the geologic 
map (Figure 2) is the highest local maximum on the residual 
anomaly map. A simple horizontal cylinder model (Nettleton, 
1976) yields a depth of 1.0 km to the top of the intrusive 
responsible for this maximum residual anomaly.

In the north, the Galiuro Volcanics grade into the 
indurated Hellhole Conglomerate where a large -4 mGal gravity 
low is indicated. The closed gravity low, offset to the 
southwest of Aravaipa Valley's topographic axis, directly 
overlies the 130 square kilometer area underlain by Hellhole 
Conglomerate. The normal fault between the Galiuro Volcanics 
and the Hellhole Conglomerate, indicated by the steep gravity 
gradient on the complete Bouguer map in Figure 8, is 
downthrown to the east and the large conglomerate thickness 
(480-2,440 m) causes the low.

The -8 mGal low located east of the Galiuro Range along 
the axis of Aravaipa Creek indicates the area containing the 
maximum thickness of alluvial fill. The closed low in the 
extreme southeast overlies deep alluvium, but is erroneously
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accentuated by the regional removal. The steep gradient west 
of the low likely represents the fault controlling the 
manifestation of hot water at Hookers Hot Springs. Most of 
the alluvial fill gravity signature in the San Pedro Valley 
was removed with the regional trend, but the 0 mGal contour 
just west of the range overlies the deepest alluvium in the 
downfaulted block of the range-bounding fault.

Bulk Density Contrast

In order to model the gravity effect of the Galiuro 
Mountains, density contrasts between different volcanic units, 
between volcanic units and alluvial-fill, and between volcanic 
units and pre-Tertiary bedrock must be determined. These 
contrasts are obviously not the straight-forward case of low 
density basin-fill juxtaposed against high density bedrock. 
As the discussion of regional-residual separation indicates, 
the Galiuro Range actually represents a gravity low within a 
high? therefore, care must be taken in determining the optimum 
density contrasts for the features of interest.

Average bulk densities measured for each geologic unit, 
shown in table 3 and predicted by the graphical solution 
method in figures 9 and 10, are used to calculate density 
contrasts. A bulk density contrast of 0.27 g/cms was found to
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be the optimum contrast between the Galiuro Volcanics and 
alluvial fill, based on the density analysis and model 
inversion. The value is close to Robinson's (1975) 
basement/valley fill density contrast of 0.25 g/cms for 
Aravaipa Valley based on depth to bedrock correlations. Aiken 
and Sumner (1974) use a similar value for valleys containing 
indurated Tertiary conglomerates. The difference between 
average crustal density and the Galiuro Volcanic rock average 
is 0.24 g/cm3 and was used for modeling the proposed ring 
structure. The rhyolite flow unit is bounded predominantly 
by intrusives and andesite flows and the bulk density contrast 
ranges from 0.11 to 0.15 g/cm3.

Anomalous Mass

The total anomalous mass or excess mass is found using 
Gauss' Theorem, by integrating the gravity effect over a 
horizontal plane. The mass deficiency represented by a 
gravity low can be modeled using a half sphere whose flat 
portion represents the Earth's surface. Assuming the radius 
is very large, the gravity effect g(x,y) can be integrated 
over the upper plane, with the only unknown being the 
anomalous mass M:

9(x,y) dx dy -27TGM
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The estimated anomalous mass is calculated by the expression:

M = (-27TG) E (gnS)
where S is the area and gn is the gravity effect. The 
amplitude of the gravity anomaly observed over the center of 
the causing body is a linear function of the total mass of the 
causing body, for a given geometry of the body.

Interpreting the gravity anomaly as a large volcanic 
depression extending into the alluvial valleys suggests a 
half-spherical causing body. Two proposed outer ring caldera 
boundaries have been identified, as shown in figure 14, based 
on bedrock outcrops (0Rb) and a nearly east-west trending 
fault (ORf) . Gettings' (1990) revamped program SGMASK allows 
construction of a binary grid that selects only the grid nodes 
within a given starting and ending range. By then multiplying 
this "mask" by the residual gravity grid, the window of 
interest is selected for the anomalous mass calculations. A 
computer program, SGINTEGRATE, which uses Simpson's rule, is 
used to integrate the regularly distributed points resulting 
in a solution in Gals-km2 for each gridded area (Gettings, 
1990).

The combined effect using appropriate density contrasts 
for each geologic unit or fault block yields an anomalous mass 

of 1.32 • 1017 grams for the bedrock-controlled outer caldera 

ring boundary and 1.51 • 1017 grams for the fault-controlled
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boundary. The proposed density contrast of 0.24 g/cm3 and the 
calculated anomalous masses suggest an average volcanic rock 
depth of 381 and 348 m, respectively. These results and 
results for each individual window are shown in table 6.

The anomalous mass of the Galiuro Volcanics was also 
calculated, as shown in table 6, and used to estimate 
groundwater volumes. The calculated volume of saturated 
sediments, volume of groundwater available from storage and 

the volume of groundwater were 2.39 • 1015 ms (1.94 • 1012 acre- 

ft) , 8.10 • 1011 m3 (6.57 • 108 acre-ft) and 1.74 • 1014 m3 (1.41 

• 1011 acre-ft), respectively. These calculated values are 

noteworthy here, but will be further discussed in the 
subsequent geohydrology section.

The anomalous mass contains no reference either to the 
shape or density of the causative body (Grant and West, 1965) , 
but used in conjunction with known bulk density contrasts, the 
anomalous mass provides a valuable prediction tool. If the 
anomalous mass and the density contrast are known, the total 
volume of the causing body can be estimated. Inversely, 
knowing the anomalous mass, areal extent and thickness of a 
body, the density contrast and ultimately the density of the 
causative body can be calculated. The area within the caldera 
rings was divided into separate fault block units and 
calculated parameters are shown in table 6, while sample
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Anomalous 
Mass (<j)

Depth Volume Density Contrast (*) (cm') (g/cnr)

Caldera Boundary Based on Fault; 
1.51 • 10*T 1.81 • 10" 347 6.29 • 10lT 0.24
Caliuro Volcanlcs!
9.01 ♦ 10" 6.96 . 10" 472 3.28 • 10lT
Intrusive/And##It# Unit;
9.68 . 10u 1.96 • 1011 35 6.91 • 10u
Rhvolite Unit:
2.80 • 10" 1.90 • 10" 983 1.87 • 10,T
Mixed Volcanic Unit;
6.36 • 101' 3.37 • 10" 1715 1.44 • 10lT
Westsid# Alluvium:
2.03 • 10" 6.28 . 10L
Eastside Alluvium:

98 6.16 • 10"

0.27

0.14

0.15

0.11

0.33

4.03 • 10" 4.59 • 10" 266 1.22 • 10* 0.33

Caldera Boundary Based on Bedrock:

1.32 • 10lT 1.44 . 10ls 
Caliuro Volcanlcs:

381 5.49 • 101T 0.24

9.01 • 10,e 6.96 • 10"
Intrusive/Andesite Unit:

472 3.28 . 1017 0.27

4.09 • 10M 1.13 • 10w
Rhvolite Unit:

26 2.92 • 10“ 0.14

2.80 • 10" 1.90 . 10u
Mixed Volcanic Unit:

983 1.87 • 1017 0.15

6.36 ♦ 10,e 3.37 • 10u
Westside Alluvium:

1715 5.78 • 1017 0.11

1.39 • 1011 3.77 . 1011
Eastside Alluvium:

112 4.23 • 10“ 0.33

4.05 • 10" 4.25 • 10u 289 1.23 • 1017 0.33

Rhvolite Closed Gravity Low:
1.67 . 10" 8.00 • 10u 869 6.96 • 10“ 0.24
1.67 • 10" 8.00 • 101* 1829 1.46 . 10“ 0.11

: Anomalous mass, volume and density calculations for
each fault block or geologic unit

Table 6
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calculations reside in Appendix D.

The uncertainties in the anomalous mass calculation are 
limited by the extent of integration, (causing tailing-off), 
errors, correct regional-residual separation, measurement from 
the Earth's surface rather than a "level" surface, and limited 
coverage, meaning that the area of integration may not include 
all of the upward flux from a causative body. Assuming that 
the regional trend is sufficiently eliminated, the fact that 
the summation covers a finite area while the integration is 
correct only for an infinite plane causes the largest error 
and an underestimation of anomalous mass. The maximum error 
in the anomalous mass method applied is estimated to be 26 %.

The anomalous mass calculation is a useful interpretive 
tool, but should be considered no better than the assumptions 
made. In fact, this method is unable to separate uniquely the 
density of the causing body from the length of the vertical 
axis or thickness. Using geological, geohydrological and 
geophysical data in conjunction with two-dimensional modeling 
techniques, these parameters can be estimated with more 
certainty.
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Profile Analysis & Two-Dimensional Modeling

Two geologic cross-sections, drawn by Creasey (1981) and 
shown on the geologic map in figure 2, are plotted with their 
respective complete Bouguer and residual gravity profiles in 
figures 16 and 17. Cross-section A-A' in figure 16 crosses 
the Copper Creek granodiorite in the Sombrero Butte area, 
crosses Maverick Mountain and extends to the east into 
alluvium. A gravity high on both the residual and complete 
Bouguer profiles is caused by the Copper Creek granodiorite. 
The residual Bouguer profile includes a second high over the 
andesite which probably indicates thinner andesite than 
Creasey shows, or the presence of dikes or intrusive bodies 
in the subsurface. The complete Bouguer gravity signature 
especially exhibits the range bounding fault west of the 
Butte, and an eastern range bounding fault may also be 
indicated on the complete Bouguer profile.

Cross-section B-B' shows the range axis fault with Ruin 
Granite in the upthrown block to the east in figure 17. The 
Ruin Granite at this locale may represent Precambrian bedrock 
uplifted to an elevation of 1,373 m (4,500 ft) in the upthrown 
block of the fault, but more likely represents a roof pendant 
derived from uplift of the dacite dome. The second 
possibility would allow a larger depth-to-bedrock estimate.
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In light of the gravity signatures, the roof pendant theory 
seems the more reasonable, since the residual Bouguer profile 
displays no gravity high and the complete Bouguer profile 
shows only a small high indicative of the upthrown block of 
the fault. This southern portion of the range exhibits 
thinned rhyolite flows expressed in the gravity signature as 
a broad low and more numerous low angle or listric fault 
offsets, tending to eliminate any expression in the gravity 
signature.

The attitude and extent of the range-bounding and range 
axis faults and an approximate 10 to 20° dip of the beds 

provide starting parameters for two-dimensional modeling. The 
two-dimensional step-fault gravity interpretation method was 
used to estimate the fault-plane dip, the throw, and the depth 
of faults. This model assumes a strike-length that greatly 
exceeds the throw (Grant and West, 1965). The range axis 

Rattlesnake-Redfield fault calculation yields a 50° dip, a 2.4 

km throw and a depth of 1.1 km. According to these 

calculations, the western range-bounding fault dips 67° with 

a throw of 4.3 km at a 1.3 km depth. A low angle 15° dip, 0.8 

km throw and 1.0 km depth distinguishes the San Pedro fault. 
An eastern range bounding fault is not evident geologically 
or from the gravity maps, but considering the 305 - 488 m 
depth of the Sulphur Springs Valley sediments, the southern
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valley floor is likely downdropped relative to the mountain 
range.

For the elongate structures of the Basin and Range 
province, two-dimensional modeling techniques are appropriate. 
SAKI is a two-dimensional gravity and magnetic FORTRAN 
modeling program that uses generalized linear inversion and 
graphics to improve model parameters (USGS Open-file Report 
85-122). A model file, a gravity anomaly file and a command 
file are generated before starting the modeling process, and 
those used are shown in Appendix B.

A model, shown in figure 18, was generated along a 
transect across Kielburg Canyon paralleling the trend of the 
Morenci Lineament, (transect shown as cross-section C - C  on 
figure 2) . The gravity station root-mean-square error for 
this model is 0.325 mGal. The model exhibits the fault block 
nature of the Galiuro Range and the variable rock densities 
associated with the specific units of the Galiuro Volcanics. 
According to the two-dimensional model, a maximum depth of the 
Galiuro Volcanics is 4 km at a location west of the range axis 
fault and in the canyon trending along this fault the minimum 
depth is 1 km. The density contrasts range from -0.17 g/cms 
for the rhyolite flows to +0.14 g/cms for most of the 
intrusive rocks.

The depths and density contrasts from the anomalous mass
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calculations, shown in table 6, were compared to those 
measured by the modeling process. The eastside and westside 
alluvium blocks in the model include some bedrock as indicated 
by the low density contrasts, so modeled depths of alluvium 
do not agree with calculated depths. The densities and depths 
to bedrock indicated by the model tend to be higher than the 
calculated densities and depths from the anomalous mass 
relationship. Therefore, the model represents a maximum case 
and the anomalous mass calculations represent a minimum case. 
According to the model, the depth of the downthrown rhyolite 
flows west of the range-axis fault is a maximum of 4 km but 
1.8 km was calculated using the anomalous mass of the closed 
rhyolite gravity minimum. The model depths are considered to 
be more reliable (Figure 18).

The model is nonunique and subject to numerous 
assumptions. The multi-layered nature due to distinct cooling 
units within the Galiuro Volcanics complicates the two- 
dimensional block model, since layers often are lumped into 
one geologic unit and distinct layer thicknesses are not 
known. Numerous dikes and plugs intrude the volcanic flows, 
but their orientation and extent and possibly their presence 
is unknown. The two-dimensional modeling technique is a 
representation of the range structure and geology which 
assumes homogeneous bulk densities within each blocked unit.
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This model should be considered a first-cut interpretation of 
a structurally complex, multi-layered thickness of Tertiary 
volcanic rock.

Correlations

The complete Bouguer anomalies reflect effects from a 
combination of shallower and deeper causal bodies. Residual 
Bouguer gravity anomalies reflect lateral contrasts in the 
shallower subsurface, having had the regional, longer 
wavelength trend removed. These contrasts may be due to 
differences in rock type, water content, or structural 
features such as faults and dikes. Known geology, structural 
features and tectonic activity correlated with the gravity 
anomalies provides valuable information about the subsurface. 
Geology. Structure, and Tectonics

Prominent N30eW striking gravity anomaly trends are 

obvious upon first glance at the complete and residual Bouguer 
anomaly maps, shown in figures 8 and 15. The steep gradients 
along the anomaly trends coincide with range-bounding faults 
and range cutting faults of the Galiuro Mountains fault-block 
topography. Since areas of large extension generally have a 
breadth that includes several ranges, typically 50-100 km or 
more, this fault block model is consistent with the regional



98
extensional terrane identified in the Santa Catalina-Rincon 
complex and possibly the Santa Theresa-Pinaleno complex. 

Fault plane dips were measured in the field to be about 60°, 

down to the southwest, and it appears as though the entire 
range is extended due to high angle fault motion (Gettings, 
1990). Based on these dips, minimum extension would be about 
15% along the trend of the Morenci Lineament. The extensional 
domino-style fault system appears to be offset about 15 km in 
a left lateral sense in the central part of the range along 
N50°E trends. The southern Galiuro Range may be tilted up to 
the southwest due to the uplift of the Catalinas, producing 
the 10 to 25° northeast directed dip of the rock units.

Okaya and Thompson (1986) have recently presented a model 
explaining the high-strain regions in the Basin and Range 
province in terms of addition of mantle-derived crustal- 
density material into the crust thus offsetting the necking 
effects of extension. In studying the Rio Grande rift, Keller 
et. al (1990) agree that magmatism associated with pre-, syn, 
and post-extensional volcanism is the most likely mechanism 
for crustal thickening. Deep seismic reflection data reveal 
a constant crustal thickness across the Basin and Range 
province in Nevada, which precludes isostatic compensation by 
altering the crust-mantle boundary (Thompson and McCarthy, 
1990). These authors also concur that isostatic compensation
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occurs by mobile flow or shearing of hot lower crustal 
material coupled with gabbroic underplating to maintain a 
comparatively flat crust-mantle boundary, and no excessive 
thinning by extension.

Intrusion into the lower crust, which is consistent with 
high surface heat flow data, may be inferred from the 
correlation between proposed and mapped intrusive rocks and 
residual gravity highs. Gravity signatures in extensional 
terranes were studied by Thompson and McCarthy (1990). These 
authors conclude that deeper intrusive compensation may not 
be detectable against the background of gravity irregularities 
produced by near-surface masses, except where ranges contain 
thick sections of low-density volcanoclastic rocks. In this 
case, Tertiary mafic dikes and intrusions associated with high 
residual gravity expressions are most likely near-surface 
manifestations of igneous inflation accompanying extension. 
The extensional terrane process therefore accounts for both 
the closely spaced low to high angle normal faults and the 
compensating intrusive bodies.

A basement anisotropy paralleling the Morenci Lineament 
(Sumner, 1989) is strongly implied in both the complete 
Bouguer and residual gravity maps, and furthermore, in field 
relations (Burchell, 1990). In this case, the lineament 
parallels the direction of extension and intersects the
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Galiuro Mountains where latite to dacite domes and plugs 
intrude the flows. The Kielburg area marks the intersection 
of two stress directions and the locus of a volcano-tectonic 
eruption.

Arcuate perturbations in the elongated contour patterns 
on the gravity and aeromagnetic maps, in figures 15 and 3, 
parallel the Morenci trend. This trend superimposed on the 
north-northwest Basin and Range trend over the Galiuro Range 
join to form the boundary for the proposed volcano-tectonic 
eruptive center. The magnetic minima south of Kielburg 
Canyon, seen on Figure 3, may represent the center of the 
volcano-tectonic depression with local magnetic highs 
representing intrusives in the near-surface. The prominent - 
16 mGal low west of the range axis fault in figure 15 is 
likely caused by the thickest section of rhyolite flows, thus 
indicating a prominent flow direction, if the magnetic low is 
interpreted as the volcano-tectonic center.

There is also evidence of an extensional rift-type 
structure as the mechanism for the formation and accumulation 
of the Galiuro Volcanics. As in the Rio Grande rift, 
lithospheric extension is indicated by areas of low angle or 
listric normal faulting, crustal thinning, high heat flow, 
relatively young volcanism and positive regional gravity 
anomalies (Keller et.al, 1990). Another possible explanation
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is that subduction of a low angle, wet crustal slab would 
cause a buoying uplift. This would lead to magmatism in the 
lower crust, followed by fractionation in a deep crustal magma 
chamber. This hypothesis has been put forth for other areas 
of recent volcanic activity by Davidson (1983) and Coira, 
et.al, (1982), and would provide a mechanism for the abundant 
silicic intrusions in the Galiuro range.

According to Keller et.al (1990) , gravity lows associated 
with the Datil volcanic fields are due to batholithic masses 
which acted as sources for felsic Mid-Tertiary volcanism. The 
semi-circular 15 mGal gravity low over the Galiuro Range 
extending well in to the San Pedro and Aravaipa Valleys, quite 
evident on figure 15, may be a smaller-scale equivalent of the 
Datil Volcanics gravity low. The gravity anomaly suggests a 
volcano-tectonic depression related to the lower density 
extrusives and possibly a batholithic source as the causative 

body.
Geohvdrologv

An unconformity represents a surface acted upon at some 
time by hydrologic action and weathering in the vadose zone 
and deposition and replacement in the zone of saturation. An 
unconformity, then, in the rock record indicates a potential 
for porous and permeable zones beneath it. The known 
unconformities between the Galiuro Volcanics and older rocks,
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and within the Galiuro Volcanics, act as such a surface and 
may represent the altitudes of local water tables in the area.

The anomalous mass results discussed previously and 
presented in table 6 can be utilized for the calculation of 
geohydrologic parameters, such as the volume of saturated rock 
and of groundwater available from storage (West and Sumner, 
1972). The method used, which was outlined in the Galiuro 
Mountains portion of the Geohydrologic Setting, may be useful 
in volcanic terranes such as the Galiuro Mountains. Due to 
structural controls, lack of depth data for individual units 
and uncertainties in the anomalous mass method, calculations 
of these parameters for the entire volcanic rock mass in the 
range may have an uncertainty of 20 to 30 %. This method may 
be applied with more certainty in areas such as the Datil 
Volcanics. The calculated volume of saturated rock, volume 
of groundwater available from storage and the volume of 

groundwater were 2.39 • 1015 m3 (1.94 • 1012 acre-ft) , 8.10 • 

1011 m3 (6.57 . 10® acre-ft) and 1.74 • 1011 m3 (1.41 • 10n acre- 

ft) , respectively. Sample calculations are shown in Appendix 

D.
Groundwater volume calculations based on the prominent 

enclosed low west of the range-cutting fault, which coincides 
with low-density rhyolite flows, allow greater accuracy. 
Improved accuracy is realized since depth estimates for this
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single downdropped fault block are more accurately determined 
than an average depth estimate for the entire fault-blocked 
range. Calculations expressed in greater detail than below 
are shown in Appendix D. The anomalous mass can be divided 
into an unsaturated and a saturated portion. If the depth to 
water in the range is 763 m, as predicted by previous 
techniques, then the anomalous mass of the unsaturated portion 
is 9.15 • 1016 grams. The unsaturated portion subtracted from 

the total anomalous mass for the gravity low, listed in table 

6, leaves 7.55 • 1015 grams for the saturated portion. The 

volume of saturated rocks would be 6.87 • 1014 m3 (5.57 • lo11 
acre-feet) with a thickness of 854 m.

The water yielding capacity of an aquifer is expressed 
by its storage coefficient (S). The storage coefficient can 
be estimated by using pump tests, observing natural 
groundwater fluctuation over time or using the empirical 

expression put forth by Lohman in 1972: S = 3 ♦ 10*8b, where 

b is the saturated thickness in meters of the aquifer (Todd, 
1980). Lohman's empirical expression for the storativity, or 

storage coefficient, yields 2.56 • 10*5 for a 854 m depth. 

The storage coefficient multiplied by the volume of saturated 
rock yields the volume of groundwater available from storage, 

which in this case is 1.76 • lo10 m3 (14.26 million acre-ft). 

Using the depth of the rhyolite flows based "on the anomalous
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mass calculation (1,068 m) the volume of groundwater available 
from storage is 2.20 • 1010 ms (17.81 million acre-ft) .

In the geohydrologic setting section, an estimation of 
the volume of water added annually to the storage capacity of 
the Galiuro Volcanics was undertaken. The results showed that 
an average of 4.07 • 107 m3 (33,000 acre-ft) of recharge to 
the Galiuro Volcanics water supply is added per year. If the 
rate of groundwater movement in the volcanic rocks is one 
meter per year, then at this recharge rate it would have taken 
approximately 450 years to accumulate the amount of water 
presently in storage. These estimates do not seem 
unreasonable.

Since pore space below the water table is completely 
filled with water, the total volume of water can be calculated 
by multiplying the porosity by the volume of saturated rock. 
This condition of complete saturation is most certainly not 
met at the higher elevations in the Galiuro Mountains. The 
porosity of the rhyolite units calculated using 73 rock 
samples in the laboratory averaged to 7 %. Therefore, the 

total volume of water is estimated to be 4.81 • 10ls m3 (3.90 

• 1010 acre-ft). The maximum laboratory-estimated porosity 

for rhyolite units was 15 %, which would equal 1.03 • 1014 m3 

(8.35 • 1010 acre-ft) for the total water volume. These 

amounts should be considered a crude estimates at best,
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because the relationship between porosity and depth-of-burial 
has not yet been quantified in volcanic rock. In other words, 
porosity calculations based on laboratory samples should be 
viewed with skepticism.

A reconnaissance-level geohydrologic study of the Galiuro 
Mountains using the gravity survey method along with geologic 
data has been accomplished. After recognizing the numerous 
sources of error involved, the calculations are useful as 
preliminary volume, depth and density estimates. The 
groundwater volumes calculated above, represent significant 
amounts of water, regardless of the 20 to 30 % error. In 
addition, this thesis documents the gravity survey method for 
use in less-structurally controlled terranes.
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CONCLUSIONS AND RECOMMENDATIONS

The existence of an extensional terrane in the Galiuro 
Mountain area is implied by the closely spaced syn- to post- 
volcanic normal faults and the compensating intrusive bodies. 
These features are clearly evident in the steep elongate 
gradients and local closed maxima seen on the complete Bouguer 
and residual gravity anomaly maps. Injections of relatively 
low-density material into the upper and middle crust are 

required to account for the 1-2 km average topographic 
elevations in these extended areas and the localized high to 
neutral residual gravity values. Tertiary mafic dikes and 
intrusions associated with local high residual gravity 
expressions in the Galiuros are most likely near-surface 
manifestations of igneous inflation accompanying extension.

The gravity interpretation of the Galiuro Mountains 
suggests the presence of a volcano-tectonic eruptive center 
at the boundary of two stress field directions as the source 
of the low density volcanic fill. Geologic units are 
distinguished based on their gravity anomaly signatures 
reflecting their specific bulk densities. Bulk densities of 

the rhyolitic and andesitic flows, pyroclastic volcanic rocks 
and intrusive rocks have been estimated based on over 380 rock 
samples for laboratory measurement and in some cases the 
graphical gravity solution method. The structural features
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and less-dense permeable geologic units delineated by the 
gravity survey control the water movement in the range and are 
important facts needed for any geohydrologic study.

Utilizing the gravity survey method as a geohydrologic 
interpretative tool in thicker, less structurally controlled 
volcanic regions of Arizona is recommended. These regions, 
such as the Datil Volcanics, show up as -20 to -30 mGal lows 
on the Residual Complete Bouguer Gravity Anomaly Map of 
Arizona. Detailed gravity interpretation in these areas could 
prove extremely useful as a reconnaissance tool for exploring 
the new water resources of the state. The volume of saturated 
rock and volume of groundwater available from storage 
calculated using the anomalous mass method and density 
contrasts derived from laboratory measurement, graphical 
solutions and inverse modeling of the gravity anomalies 
provide valuable and otherwise unavailable information for the 
geohydrologist.



108
APPENDIX A: BASE STATIONS

The four base stations used in the course of this study 
are described in the following three pages.

FIELD BASE STATIONS

ROBBASE

Latitude: 32° 45.97'

Longitude: 110° 14.42'
Elevation: 3816 ft
Observed Gravity: 979,176.175 mgals (Potsdam)

as reported by Robinson (1975) 
979,162.860 mgals (IGSN-71) 
converted for current use

GETBASE

Latitude: 32° 21.39'

Longitude: 110° 57.62'
Elevation: 2777 ft
Observed Gravity: 979,241.920 mgals (IGSN-71)
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APPENDIX B: SAMPLE INPUT/OUTPUT COMPUTER FILES

The FORTRAN computer programs used for the gravity 
reductions in this thesis have compatible input/output 
formats, therefore time and energy can be optimized by their 
use as a package. The program GREDUC converts meter readings 
to mGals, corrects for instrument drift and tides, and 
calculates the observed gravity values for each station. The 
sample programs included are GREDUC, BOUGUER, PRJREC, MINC, 
CONTOUR, and SAKE.
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GREDUC Input

Galiuro Mountain Gravity Survey - (March 1990)
G-575, V0079, (w/o AZ code for micro-survey) Kerry Schwartz 
Og-575 GAL3/90 elev=f gu=001
WILBASE 900821619 70 321457-1105353 41830 2653537
GM318 900830830 70 323500-1101578 54490 2613852
GM561 900830949 70 323507-1101632 61200 2571838
GM562 900831128 70 323507-1101690 71000 2504819
GM563 900831533 70 323424-1101670 69000 2516271
GM564 900840827 70 323457-1101677 67500 2530900
GM565 900840941 70 323504-1101690 71100 2501391
GM566 900841032 70 323534-1101667 67600 2530920
GM318 900841213 70 323500-1101578 54490 2613677
WILBASE 900841605 70 321457-1105353 41830 2653423

GREDUC Output/BOUGUER Input

Galiuro Mountain Gravity Survey - (March 1990)
G-575, V0079, (w/o AZ code for micro-survey) Kerry Schwartz 
Og-575 GAL3/90 elev=f gu=001
WILBASE 900821619 
GM318 900830830 
GM561 900830949 
GM562 900831128 
GM563 900831533 
GM564 900840827 
GM565 900840941 
GM566 900841032 
GM318 900841213 
WILBASE 900841605

70 321457-1105353 41830 97908311 
70 323500-1101578 54490 97904248 
70 323507-1101632 61200 97899941 
70 323507-1101690 71000 97893065 
70 323424-1101670 69000 97894227 
70 323457-1101677 67500 97895737 
70 323504-1101690 71100 97892715 
70 323534-1101667 67600 97895750 
70 323500-1101578 54490 97904248 
70 321457-1105353 41830 97908311
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BOUGUER Output - List File
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COMMAND FILES

PRJREC Command File: 
Spams
baslat=32,0,0 
cm=lll,0,0 
iproj=2 
&

MINC Command File:
&
izchan=4
del=0.5, nc=119, nr=170 xo=30, yo=27.85 
iproj=2
baslat=32,0,0,cm=lll,0,0 &

CONTOUR Command File (Screen):
Spams
dcval=2.0,cmin=-200 
mxhach=l,ifile=/anomass.grd'
i£ile2=f anomass.xyz',ispost=-ll,szpost=.03,szlab=.05 iplotr=7
cm=-lll,0,0,baslat=32,0,0
latm=32,15,latx=33,0,longm=-110,0,longx=-110,37.5 tint=7.5,itpost=l,iproj=2
title2='1:100,000 contour interval=2 mgals' sizel=.12 
S

CONTOUR Command File (Plotter):
s
parms
dcval=2.0,nsec=2,cmin=-50 
mxhach=l,ifile=rcb-localreg.grdf 
iplotr=5,mscale=100000
ifile2='galab243.xyz',ispost=-ll,szpost=.04,szlab=.06 cm=-lll,0,0,baslat=32,0,0
latm=32,15,latx=33,0,longm=-110,0,longx=-110,37.5 tint=7.5,itpost=l,iproj=2 s



SAKI Model File

I -0.7 2.75, 2.0 2.4, 3.3 2.05, 14.82 3.7, -0.7 3.0, 15.7 1.8, 10.5 2.01,
I 13.19 3.7, 20.3 1.0, 21.5 1.0, 22.7 0.0, 24.5 0.0, 30.5 2.4, 25.4 -0.7,
> 26.6 -1.2, 19.25 2.85, 15.55 2.0, 26.9 -1.2, 27.4 -1.0, 24.1 0.95, 29.3 -1.0
| 29.6 -2.0, 15.2 1.9, 22.0 3.5, 38.6 0.0, 32.8 -0.45, 31.0 -1.35, 31.775 -0.631.3 1.35, 33.65 0.0, 33.95 1.92, 29.9 -2.0, 35.5 0.0, 30.5 -1.8, 39.4 0.0, 14.07 1.92, 34.52 1.22, 42.15 0.8, 41.46 1.63, 47.0 1.95, 47.5 1.3, 40.28 0. 40.77 0.6, 30.18 2.3, 20.85 5.0, 27.21 1.65, 18.3 4.45, 47.5 0.8, 18.63 4.5, 

25.1 1.18, 21.1 1.0, 19.71 2.95, 7.05 3.0, 3.3 3.0, 30.35 -1.88, 5.8 2.01, 39.25 1.5, 13.5 3.0, 4.8 3.0, 10.5 3.0, 29.43 2.12, 44.5 0.81, 44.5 1.8,
f >>body specifications

-0.12 0. 0. 0. 0. 0. 0.
56.7.53.59 «body 1 +0.14 0. 0. 0. 0. 0. 0.
7.36.58.60 «body 2

I -0.05 0. 0. 0. 0. 0. 0. 
I 36,23,6,17,4,8 «body 3 
1 +0.07 0. 0. 0. 0. 0. 0.
I 17,16,47,4 «body 4

«phys_prop
«phys_prop
<<phys_prop
<<phys_prop

+0.06 0. 0. 0. 0. 0. 0. 
I 6,9,16,17 «body 5 «phys_prop
j -0.17 0. 0. 0. 0. 0. 0.51,10,11,12,14,20,24,52 f -0.17 0. 0. 0. 0. 0. 0. 

52,24,45, 49 «body 7 +0.07 0. 0. 0. 0. 0. 0. 
14,15,18,50,20 <body 8

«phys prop «body 6 
«phys_prop
«phys_prop

-0.13 0. 0. 0. 0. 0. 0. «phys_prop
22,32,55, 61,46,21 «body 9
+0.11 0. 0. 0. 0. 0. 0. «phys_prop
27,28,26,29,13,44 «body 10
-0.18 0. 0. 0. 0. 0. 0. «phys_prop
26, 30,33,37,31,29 «body 11-0.03 0. 0. 0. 0. 0. 0. «phys prop 

I 33, 25,35,42,57,37 «body 12 
I -0.06 0. 0. 0. 0. 0. 0. «phys_prop 
l 42, 43,38, 39,57 «body 13 
| -0.25 0. 0. 0. 0. 0. 0. «phys_prop
( 38, 62, 63,39 «body 14
! -0.04 0. 0. 0. 0. 0. 0. «phys_prop
I 18, 19,21,46,50 «body 15 
j +0.37 0 . 0. 0 . 0. 0 . 0. «phys_prop 
! 9,51,52,49, 47,16 «body 16
j -0.170.0.0.0.0.0. «phys_prop 
j 1,2,3,54,5 «body 17

-0.00 0. 0. 0. 0. 0. 0. «phys_prop 
3,56,59,54 «body 18

! +0.04 0. 0. 0.
| 7,60,53 «bodyI +0.14 0. 0. 0.
' 55,34,27,44,61

-0.33 0. 0. 0. 
62,48,41,40,63

0. 0 . 0. «phys_prop 19
0. 0 . 0. «phys_prop 
«body 20
0. 0 . 0. «phys_prop 
«body 21

1
2

3
4
5
6

7
8
9
10 
11 
12
13
14
15
16
17
18
19
20 
21
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APPENDIX C: PRINCIPLE FACTS

Principle facts for 566 new gravity stations in the
Galiuro Mountains area are listed in the following pages.



BOUGUER GRAVITY DATA Gravity Survey
Galiuro Mountains and airrounding Area 
survey by: Kerry Schwartz £ Mark Getting#

2g-xxx galreg elev-f gu».01 art-no. itc- otc- Dates

STATION 
IDENTIFICATION 
proj sta-id

galreg %GMl 
galreg :GM2 
galreg :GM3 
galreg :GM4 
galreg :GMG 
galreg %GM6 
galreg :GM7 
galreg :GMB 
galreg :(W 
galreg :GM10 
galreg sGMll 
galreg :GM12 
galreg :GM13 
galreg :GM14 
galreg %GM15 
galreg :GM16 
galreg :GM17 
galreg :GM18 
galreg :QU9 
galreg :GM20 
galreg :GM21 
galreg :GM22 
galreg %GM23 
galreg :GM24 
galreg :GM25 
galreg %GM26 
galreg :GM27 
galreg :GM28 galreg :GM29 
galreg :GM30 
galreg :(%31 
galreg %GM32 
galreg :GM33 
galreg :GM34 
galreg :GM35 
galreg :GM36 
galreg :GM37

L O C A T I 
LATITUDE LONGITUDE 
deg min deg min

0 N S GRAVITY

34.25
34.92 
35.28 
35.82
36.37 
35.90 
36.42 
36.35
35.86
35.53 
33.40
33.33 
33.48 
33.76

32 33.42 
32 33.09 

32.60 
32.67 
32.7933.54
32.37 32.06
31.93
31.86
31.89
34.33 
34.39 
34.58
34.89 

32 35.22 
32 35.36 
32 35.82 
32 36.37 
32 36.84 
32 36.64 
32 36.14 ■ 
32 35.55

32
32
32
32
32
32
32
32
32
32
32
32
32
32

32
32
3232
32
32
3232
32
32
32
32
32

-110 22.92 
-110 22.81 
-110 22.40 
-110 21.82 
-110 21.46 
-110 20.69 
-110 20.62 
-110 18.94 
-110 16.35 
-110 17.13 
-110 29.74 
-110 29.22 
-110 27.91 
-110 27.16 
-110 26. 
-110 26. 
-110 27. 
-110 25. 
-110 24. -110 24. 
-110 23. 
-110 23.60 
-110 22.19 
-110 25.00 
-110 26.12 
-110 30.09 
-110 29.02 
-110 28.55 
-110 27.92 
-110 27.64 
-110 27.10 
-110 26.25 
-110 25.54 
-110 25.54 
-110 24.32 
-110 25.05 
-110 25.13

.43

.26

.05

.35

.62

.13

.54

ELE ST OBSERVED THEORETICAL
(in ft)

4370.00 979112.40 979530.064180.00 979126.61 979530.984350.00 979103.46 979531.47
6300.00 978977.28 979532.20
6074.00 979000.30 979532.96
5884.00 979018.16 979532.31
5350.00 979054.76 979533.02
5750.00 979029.69 979532.93
5973.00 979014.89 979532.26
7100.00 978935.51 979531.81
2810.00 979209.22 979528.90
2965.00 979201.26 979528.80
3150.00 979191.53 979529.01
3260.00 979180.*) 979529.39
3250.00 979176.19 979528.93
3420.00 979163.21 979528.48
3225.00 979183.03 979527.80
3550.00 979151.96 979527.90
3705.00 979147.31 979528.06
3870.00 979144.97 979529.09
4039.00 979131.87 979527.49
3940.00 979135.99 979527.07
4460.00 979103.41 979526.893555.00 979151.39 979526.80
3360.00 979169.35 979526.84
2710.00 979219.07 979530.17
2944.00 979205.89 979530.25
3052.00 979198.50 979530.513216.00 979185.60 979530.94
3310.00 979176.43 979531.383432.00 979166.55 979531.58
3846.00 979139.21 979532.203820.00 979146.47 979532.964051.00 979132.93 979533.604150.00 979134.87 979533.33
4066.00 979135.85 979532.64
3820.00 979149.55 979531.84

P*ge 1

C O R R E C T I O N S
TERRAIN BOUGUER CUKV 

(dl=2.67)
SPECIAL

4.59 -149.05 -1.32 0.00
8.06 -142.57 -1.29 0.00
10.21 -148.37 -1.32 0.00
17.89 -214.87 -1.51 0.00
6.40 -207.17 -1.50 0.00
5.13 -200.69 -1.49 0.00
4.89 -182.47 -1.45 0.00
5.56 -196.12 -1.48 0.00
5.75 -203.72 -1.49 0.00
10.78 -242.16 -1.51 0.00
1.08 -95.84 -0.99 0.001.37 -101.13 -1.03 0.00
1.38 -107.44 -1.08 0.00
1.31 -111.19 -1.11 0.00
1.61 -110.85 -1.10 0.00
1.43 -116.65 -1.14 0.001.15 -110.00 -1.10 0.00
1.47 -121.08 -1.17 0.001.74 -126.37 -1.20 0.00
2.33 -131.99 -1.24 0.00
2.36 -137.76 -1.27 0.00
2.02 -134.38 -1.25 0.00
3.92 -152.12 -1.34 0.001.44 -121.25 -1.17 0.00
1.23 -114.60 -1.13 0.00
1.41 -92.43 -0.97 0.001.23 -100.41 -1.03 0.00
1.23 -104.09 -1.06 0.002.64 -109.69 -1.10 0.001.35 -112.89 -1.12 0.00
1.53 -117.06 -1.14 0.00
2.23 -131.18 -1.23 0.00 '2.50 -130.29 -1.23 0.00 '2.80 -138.17 -1.27 0.00 '
4.34 -141.54 -1.29 0.00
2.79 -138.68 -1.27 0.00 «
2.43 -130.29 -1.23 0.00 -

A N O M A L I E S  
FREE OOMPLETE-DOUGUER SPEC 
AIR dl-2.67 d2=2.43 FIELDS

-6.69 -152.47 -139.36 
-11.25 -147.05 -134.85 
-18.90 -158.37 -145.83 
37.48 -161.01 -143.17 
38.50 -163.77 -145.59 
39.14 -157.90 -140.19 
24.84 -154.19 -138.10 
37.46 -154.57 -137.31 
44.30 -155.17 -137.24 
71.28 -161.61 -140.68 
-55.38 -151.14 -142.53 
-48.68 -149.47 -140.41 
-41.21 -148.35 -138.72 
-41.89 -152.87 -142.90 
-47.07 -157.41 -147.49 
-43.61 -159.97 -149.51 
-41.45 -151.40 -141.51 
-42.06 -162.84 -151.98 
-32.30 -158.13 -146.82 
-20.16 -151.06 -139.29 
-15.77 -152.43 -140.15 
-20.53 -154.14 -142.13 
-4.05 -153.58 -140.14 
-41.06 -162.04 -151.16 
-41.47 -155.97 -145.68 
-56.21 -148.20 -139.93 
-47.46 -147.67 -138.67 
-44,96 -148.88 -139.54 
-42.86 -151.01 -141.29 
43.64 -156.30 -146.18 
-42.25 -158.92 -148.43 
-31.28 -161.46 -149.76 
-27.23 -156.24 -144.64 -19.69 -156.32 -144.04 
-8.17 -146.66 -134.21 
-14.39 -151.56 -139.23 
-23.02 -152.11 -140.51 117



galreg iGH38 
galreg :GM39 
galreg :GM40 
galreg :GM41 galreg :GM42 
galreg :GM43 
galreg :GM44 
galreg :GM45 galreg :GM46 
galreg :GH47 
galreg :GM48 
galreg :GM49 
galreg :Q60 
galreg :GM51 
galreg :Q62 
galreg :GM53 
galreg :GM64 
galreg :G^5 
galreg :G^6 
galreg :Gf67 
galreg :GM58 
galreg ;GM59 
galreg :GM60 
galreg sGM61 
galreg :GM62 
galreg :GM63 
galreg :GM64 
galreg :GM65 
galreg $GM€6 
galreg :GM67 
galreg :GM68 
galreg :GM69 
galreg :GM70 
galreg :GK71 galreg :<̂ f72 
galreg %GM73 
galreg :GM74 
galreg %GM75 
galreg :GM76 
galreg :GM77 
galreg :GM76 
galreg :GM79 
galreg :GM80 
galreg :GM82 
galreg :GM83 
galreg :GM84 
galreg :GM85 
galreg :GM86 
galreg :GMB7 
galreg :GM88

32 34,29 -110 30.97 
32 34.60 -110 31.38 
32 35.17 -110 31.83 
32 35.16 -110 32.32 32 34.97 -110 33.06 32 34.78 -110 33.70 
32 34.54 -110 34.59 
32 34.54 -110 35.08 
32 34.54 -110 35.91 
32 34.75 -110 36.57 
32 34.58 -110 37.04 
32 34.69 -110 38.29 
32 34.44 -110 38.82 
32 34.28 -110 39.53 
32 34.11 -110 40.37 
32 34.54 -110 41.07 
32 34.30 -110 42.30 
32 34.01 -110 35.36 
32 33.55 -110 35.37 
32 33.03 -110 35.51 
32 32.83 -110 35.93 
32 32.59 -110 36.64 
32 32.06 -110 37.25 
32 31.44 -110 37.89 
32 31.04 -110 38.74 
32 30.83 -110 39.64 
32 30.54 -110 40.26 
32 43.36 -110 37.57 
32 43.57 -110 36.70 
32 44.02 -110 35.88 
32 44.27 -110 35.04 
32 44.34 -110 34.10 
32 44.47 -110 32.95 
32 44.69 -110 31.98 
32 45.03 -110 31.06 
32 44.85 -110 30.50 
32 44.98 -110 29.78 
32 45.06 -110 28.76 
32 45.24 -110 28.11 
32 36.49 -110 24.10 
32 35.83 -110 23.65 
32 36.08 -110 22.55 
32 36.55 -110 22.08 
32 35.55 -110 20.65 
32 26.47 -110 29.28 
32 27.16 -110 28.58 
32 28.44 -110 28.41 
32 28.82 -110 29.09 
32 29.23 -110 28.09 
32 29.51 -110 27.04

2624.00
2643.00
2632.00
2788.002884.002975.00
3106.00
3140.00
3290.00
3388.00
3460.00
3768.00
3785.00
3920.00
4048.00
4123.00
4340.00
3234.00
3232.00
3358.00
3429.00
3540.00
3681.00
3952.00
4141.00
4330.00
4471.00
2390.002619.00
2795.00
3010.00
3395.003860.00
4016.00
3967.00
3626.00
3604.00
3825.00
4017.00
4226.00
4559.00
6201.00
6596.00
5460.00
2859.002817.00
2835.00
2774.00
2995.00
3160.00

979221.46
979220.31
979221.68 
979212.61979209.99979206.07
979200.08
979194.00
979183.24
979177.32
979173.11
979157.96 
979161.78
979159.56
979157.65
979155.12
979143.85
979188.68
979189.39
979179.71 
979175.04
979169.03 
979162.30
979148.40
979138.46
979130.69
979125.03
979266.24
979248.56
979237.28 
979222.43 
979200.39 
979167.35
979156.33
979163.99
979187.28 
979189.58 
979174.21
979162.71 
979127.53
979103.25
978988.97
978959.65
979045.01
979206.69979203.46 979200.42
979205.46 
979189.89
979183.85

979530.12 
979530.54
979531.32 
979531.30 979531.05 979530.78
979530.45
979530.45
979530.45 979530.74
979530.51 
979530.66
979530.32
979530.10
979529.87
979530.45
979530.12
979529.73
979529.10
979528.39
979528.12
979527.80 
979527.07
979526.22 
979525.68
979525.39 
979524.99
979542.52
979542.81 
979543.42 
979543.77
979543.87 
979544.04 
979544.34
979544.81
979544.56
979544.74 
979544.85 
979545.09979533.12
979532.22
979532.56
979533.20 
979531.84
979519.45 
979520.38
979522.12 
979522.65
979523.20 
979523.59

1.25 -89.50 -0.94 0.00
1.16 -90.15 -0.95 0.00
1.22 -89.77 -0.95 0.00
0.90 -95.09 -0.99 0.00
0.85 -98.36 -1.01 0.00
0.75 -101.47 -1.04 0.00
0.82 -105.94 -1.07 0.00
0.83 -107.10 -1.08 0.00
0.81 -112.21 -1.11 0.00
0.86 -115.55 -1.14 0.00
0.93 -118.01 -1.15 0.00
1.11 -128.52 -1.22 0.00
1.01 -129.10 -1.22 0.00
1.16 -133.70 -1.24 0.00
1.25 -138.07 -1.27 0.00
1.30 -140.62 -1.28 0.00
1.66 -148.02 -1.32 0.00
0.78 -110.30 -1.10 0.00
0.90 -110.23 -1.10 0.00
0.82 -114.53 -1.13 0.00
0.87 -116.95 -1.14 0.00
1.08 -120.74 -1.17 0.00
1.37 -125.55 -1.20 0.00
1.30 -134.79 -1.25 0.00
1.66 -141.24 -1.29 0.00
1.94 -147.68 -1.32 0.00
2.11 -152.49 -1.34 0.00
1.06 -81.52 -0.88 0.00
0.82 -89.33 -0.94 0.00
0.84 -95.33 -0.99 0.00
0.94 -102.66 -1.05 0.00
1.59 -115.79 -1.14 0.00
2.80 -131.65 -1.23 0.00
3.05 -136.97 -1.26 0.00
2.07 -135.30 -1.25 0.00
2.56 -123.67 -1.19 0.00
4.50 -122.92 -1.18 0.00
4.54 -130.46 -1.23 0.00
4.67 -137.01 -1.26 0.00
5.21 -144.14 -1.30 0.00
4.69 -155.49 -1.35 0.00
12.35 -211.50 -1.51 0.00
13.80 -224.97 -1.52 0.00
4.87 -186.22 -1.46 0.00
1.43 -97.51 -1.01 0.00
1.10 -96.08 -1.00 0.00
1.04 -96.69 -1.00 0.00
1.03 -94.61 -0.99 0.00
0.85 -102.15 -1.04 0.00
0.98 -107.78 -1.08 0.00

-61.«5 -151.04 -143.03 
-61.64 -151.57 -143.49 
-62.06 -151.58 -143.54 
-56.47 -151.65 -143.09 -49.80 -148.33 -139.47 -44.90 -146.66 -137.51 
-38.24 -144.43 -134.89 
-41.13 -148.47 -138.82 -37.78 -150.29-140.18 
-34.78 -150.61 -140.19 
-31.98 -150.21 -139.59 
-18.33 -146.95 -135.39 
-12.56 -141.87 -130.25 
-1.87 -135.66 -123.63 
8.48 -129.60 -117.19 
12.42 -128.19 -115.55 
21.88 -125.80 -112.53 
-36.89 -147.51 -137.57 
-35.73 -146.17 -136.24 
-32.85 -147.69 -137.37 
-30.58 -147.80 -137.27 
-25.83 -146.65 -135.79 
-18.58 -143.95 -132.68 
-6.14 -140.89 -128.77 
2.23 -138.63 -125.97
12.51 -134.55 -121.33
20.51 -131.21 -117.57 
-51.48 -132.82 -125.51 
-47.92 -137.37 -129.33 
-43.26 -138.74 -130.15 
-38.23 -141.00 -131.76 
-24.17 -139.51 -129.15 
-13.66 -143.75 -132.06 
-10.32 -145.51 -133.36
-7.73 -142.22 -130.13 
-16.26 -138.56 -127.56 
-16.21 -135.81 -125.06 
-10.91 -138.05 -126.62 
-4.60 -138.20 -126.19 
-8.16 -148,38 -135.78 
-0.22 -152.38 -138.70 
39.50 -161.15 -143.11 46.67 -166.02 -146.90 
26.62 -156.20 -139.76 -43.85 -140.94 -132.22 
-51.97 -147.94 -139.32 -55.06 -151.71 -143.02 
-56.28 -150.84 -142.34 
-51.62 -153.96 -144.76 
-42.53 -150.41 -140.71 HH00



galreg :GMB9 
galreg :Gt@0 
galreg :G*61 
galreg :GF92 
galreg :Gto3 
galreg :GM)4 
galreg sGF©5 
galreg ;G*©6 
galreg sGH97 
galreg :GMB8 
galreg 20*09 galreg iGMlOO 
galreg sGHlOl 
galreg :04102 
galreg iGM103 
galreg :GM104 galreg :GM105 
galreg :GM106 
galreg ;04107 
galreg ;GM108 
galreg :GH109 
galreg sGKllO 
galreg jGMlll 
galreg s04112 
galreg :04113 
galreg :04114 
galreg :(M15 
galreg %GM116 
galreg $04117 
galreg $04118 
galreg $04119 
galreg $04120 
galreg $04121 
galreg $04122 
galreg $04123 
galreg $04124 
galreg $04125 galreg $04126 
galreg $04127 
galreg $04128 
galreg $04129 
galreg $04130 
galreg $04131 
galreg $04132 
galreg $04133 
galreg $04134 
galreg $04135 
galreg $04136 
galreg $04137 
galreg $04138 
galreg $04139 
galreg $04140

32 29.62 -110 26.21 
32 29.84 -110 25.42 
32 30.32 -110 24.33 
32 30.50 -110 22.82 
32 30.13 -110 21.90 32 30.55 -110 22.50 
32 30.42 -110 23.43 
32 30.80 -110 24.93 
32 31.33 -110 24.33 
32 25.83 -110 28.90 
32 26.10 -110 28.06 
32 26.52 -110 27.02 
32 26.74 -110 26.39 
32 27.18 -110 25.50 
32 27.13 -110 24.80 
32 26.93 -110 23.78 32 26.82 -110 22.83 
32 26.79 -110 21.82 
32 26.82 -110 20 .79  
32 27.26 -110 21.16 
32 27.60 -110 20.63 
32 27.55 -110 22.84 
32 24.63 -110 27.94 
32 23.70 -110 27.36 
32 23.28 -110 26.99  
32 23.72 -110 26.40 
32 24.16 -110 25 .84  
32 24.50 -110 25.18 
32 24 .7 9  -110 24.30 
32 25.22 -110 23.28 
32 25.44 -110 22.51 32 25.67 -110 21.80 
32 25.60 -110 21.32 
32 25.53 -110 20 .69  
32 25.54 -110 20.29 
32 25.11 -110 20.10 
32 25.11 -110 20.90 
32 24.58 -110 21.23 
32 24.09 -110 21.72 
32 23 .69  -110 22.64 
32 23.02 -110 23.17 
32 22.94 -110 24.18 
32 23.33 -110 25.08 
32 37.70 -110 25.65 
32 37.72 -110 24.93 
32 37.24 -110 26.14 
32 3 6 .6 3  -110 26.93 
32 36.22 -110 28.10 
32 36.03 -110 28.94 
32 35.78 -110 29.68 
32 35.74 -110 30.28 
32 35.87 -110 30 .96

3280.00
3424.00
3605.00
4090.00
4215.00
4060.00
3895.00
3510.00
3665.00
2950.00
3049.00
3276.003383.00
3545.003811.00
3940 .004077.00
4149.00
4260.00
4141.00
4270.00
4170.00
2927.00
2953 .00
3006 .00
3185 .00
3340.00
3470.00
3640 .00
4020.00
4085 .004125.00
4220 .00
4 1 0 0 .00
4217.00
4210.00
4224.00
3960 .00
4010.00
3885 .00
3495 .00
3570.00
3450.00
4104.00
4639 .00
3845.00
3770.00
3380.003210.00
2955 .00
3005 .00
2895 .00

979172.87 979523.74 
979162.10 979524.04 
979148.39 979524.70 
979129.43 979524.94
979120.14 979524.44979133.71 979525.01
979133.22 979524.83
979154.22 979525.35 
979142.94 979526.07
979197.85 979518.57
979187.14 979518.94
979167.53 979519.51979158.61 979519.81
979147.85 979520.41979132.12 979520.34 
979131.19 979520.07979123.12 979519.92 
979117.06 979519.88 
979108.25 979519.92
979117.65 979520.52
979107.17 979520.98
979118.74 979520.91
979191.61 979516.94 
979188.36 979515.66  
979186.32 979515.09
979172.72 979515.70
979161.17 979516.30 
979152.46 979516.76 
979143.79 979517.16 979121.81 979517.74
979120.87 979518.04  
979119.89 979518.35  
979113.78 979518.26
979119.23 979518.16
979110.35 979518.17
979111.74 979517.59  
979112 .60  979517.59
979128.53 979516.67  
979125.03 979516.20  
979130.28 979515.66
979152.69 979514.74
979146.69 979514.63  
979153.96 979515.16
979132.86 979534.77 
979100.76 979534.80
979145.35 979534.15
979150.05 979533.31 
979175.57 979532.75
979189.65 979532.49 
979206.55 979532.15
979202.14 979532.09
979206.05 979532.27

1.09 -111.87 -1.11 0.00
1.09 -116.78 -1.14 0.00
1.34 -122.96 -1.18 0.00
2.64 -139.50 -1.28 0.00
3.30 -143.76 -1.30 0.002.24 -138.47 -1.27 0.00
1.92 -132.85 -1.24 0.00
1.33 -119.72 -1.16 0.00
1.52 -125.00 -1.19 0.00
0.97 -100.62 -1.03 0.00
0.75 -103.99 -1 .0 6  0.00
0 .9 0  -111.73 -1.11 0.00
0 .96  -115.38 -1.13 0.00
0.92 -120.91 -1.17 0.001.58 -1 2 9 .9 8  -1.22 0.00
1 .4 8  -1 3 4 .3 8  -1.25 0.001.47 -139.05 -1.27 0.00
2.24 -141.51 -1.29 0.00
2.43 -145.30 -1.31 0.00
1.48 -141.24 -1.29 0.00
2.21 -145.64 -1.31 0.00
2.20 -142.23 -1.29 0.00
1 .0 6  -9 9 .8 3  -1.02 0.00
0.96 -100.72 -1.03 0.00
0.79 -102.53 -1.04 0.00
0.74 -108.63 -1 .0 9  0.00
0.71 -113.92 -1.12 0.00
0.82 -118.35 -1.15 0.00
0.76 -124.15 -1.19 0 .0 0
2.33 -137.11 -1.26 0.00
2.10 -139.33 -1.28 0.00
1.93 -1 4 0 .6 9  -1.28 0.00
1.88 -143.93 -1.30 0.00
1 .0 9  -1 3 9 .8 4  -1.28 0.00
2.01 -143.83 -1.30 0.00
1.54 -1 4 3 .5 9  -1.30 0.00
1.80 -144.07 -1.30 0.000.86 -135.06 -1.25 0.00
2.52 -136.77 -1.26 0.00
1.48 -132.51 -1.24 0.00
0.85 -119.20 -1.16 0.00
1 .2 9 -121.76 -1.17 0.00
1.05 -117.67 -1.15 0.00
3.87 -1 3 9 .9 8  -1.28 0.00
6 .9 0  -158.22 -1.36 0.00
2.42 -131.14 -1.23 0.00
2.30 -128.58 -1.22 0.00
1.41 -115.28 -1.13 0.00
1.25 -1 0 9 .4 8  -1 .0 9  0.00
1.29 -100.79 -1.03 0.00
1.80 -102.49 -1.04 0.00
2.00 -9 8 .7 4  -1.02 0.00

-42.38 -154.27 -144.22 
-39.91 -156.74 -146.24 
-37.25 -160.05 -149.01 
-10.86 -148.99 -136.57 
-7.89 -149.65 -136.91 -9.47 -146.97 -134.61 
-25.29 -157.46 -145.58 
-41.01 -160.56 -149.82 
-38.44 -163.12 -151.91 
-43.26 -143.93 -134.88 
-45.03 -149.32 -139.95 
-43.86 -155.80 -145.74 
-43.03 -158.58 -148.20 
-3 9 .1 5  -160.31 -149.42 -29.81 -159.43 -147.78 
-18.33 -152.48 -140.43 -13.37 -152.23 -139.75 
-12.61 -153.17 -140.54 
-11.04 -155.21 -142.25 
-13.43 -154.47 -141.79 
-12.24 -1 5 6 .9 7  -143.96 
-10.00 -151.31 -138.61 
-50.03 -1 4 9 .8 3  -140.86 
-4 9 .5 6  -150.35 -1 4 1 .2 9  
-46.05 -1 4 6 .8 3  -1 3 9 .5 9  
-43.42 -152.40 -142.60 
-4 0 .9 9  -155.32 -145.05 
-37.94 -156.62 -1 4 5 .9 6  
-31.02 -155.60 -144.41 
-17.86 -153.90 -1 4 1 .6 7  
-1 2 .9 9  -151.49 -139.04 -10.52 -150.56 -137.97 

- 7 .6 0  -150.95 -138.07 
-13.34 -153.37 -140.78 
-11.23 -154.34 -141.48 

-9 .9 1  -153.26 -140.37 
-7.73 -151.30 -138.40 
-15.91 -151.36 -139.19 
-14.03 -1 4 9 .5 4  -137.36 
-20.00 -152.26 -140.37 
-33.35 -152.86 -142.12 
-32.18 -153.83 -142.90 
-36.73 -154.49 -143.91 
-15.95 -153.33 -140.98 
2.22 -150.47 -136.74 

-27.18 -157.13 -145.45 
-28.70 -156.20 -144.74 
-3 9 .2 9  -154.29 -143.95 
-4 0 .9 3  -150.26 -140.44 
M7.67 -148.20 -1 3 9 .1 6  
-47.32 -1 4 9 .0 6  -1 3 9 .9 1  -53.94 -151.69 -142.91
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galreg :GM41 32 36.06 -110 31.78 2580.00 979227.29 979532.53
galreg :GM142 32 24.84 -110 19.51 4230.00 979110.66 979517.22
galreg :GM143 32 24.71 -110 19.07 3985.00 979126.35 979517.05
galreg :GM144 32 24.19 -110 18.64 4120.00 979119.57 979516.34
galreg :GM145 32 23.77 -110 18.46 4280.00 979111.01 979515.77
galreg :GM146 32 23.41 -110 18.16 4235.00 979116.60 979515.27
galreg SGM147 32 22.89 -110 17.86 4115.00 979125.12 979514.56
galreg :GM148 32 22.38 -110 18.02 4060.00 979128.65 979513.87
galreg :GMI49 32 22.59 -110 16.90 4405.00 979104.69 979514.16
galreg JGM150 32 22.06 -110 17.25 4245.00 979117.72 979513.44
galreg :GM151 32 21.95 - n o 17.88 4090.00 979127.60 979513.28
galreg :GM152 32 21.56 - n o 18.16 4207.00 979118.06 979512.75
galreg :GH153 32 21.69 - n o 19.13 4140.00 979122.11 979512.93
galreg SGH154 32 21.82 -110 19.68 4114.00 979123.71 979513.11
galreg :GM155 32 21.87 - n o 20.56 4045.00 979124.46 979513.17
galreg SGM156 32 21.77 - n o 21.77 3755.00 979138.85 979513.04
galreg iGMl57 32 21.93 - n o 22.57 3590.00 979144.96 979513.26
galreg :GM158 32 21.68 - n o 23.38 3441.00 979152.35 979512.91
galreg :GM159 32 20.99 - n o 23.97 3265.00 979160.60 979511.98
galreg :GM160 32 20.46 -110 24.87 3065.00 979177.10 979511.26
galreg :GM61 32 42.44 -110 26.67 5930.00 979028.97 979541.27
galreg :GH162 32 42.69 -110 26.69 6115.00 979017.48 979541.60
galreg :GM63 32 42.96 -110 26.54 5460.00 979065.58 979541.98
galreg :GM164 32 42.94 -110 27.20 4900.00 979105.23 979541.95
galreg :GM165 32 42.33 -110 27.28 4560.00 979122.93 979541.11
galreg :GH166 32 41.85 - n o 26.76 4680.00 979110.05 979540.45
galreg :GM167 32 41.48 - n o 26.85 4850.00 979101.41 979539.95
galreg :GM168 32 42.05 - n o 27.90 4165.00 979149.93 979540.73
galreg :GH169 32 43.37 -110 27.43 4605.00 979126.42 979542.53
galreg :GMI70 32 43.80 - n o 26.88 4633.00 979123.23 979543.12
galreg :GM171 32 43.79 -110 27.64 4424.00 979139.41 979543.11
galreg SGH172 32 40.98 -110 36.20 2472.00 979247.35 979539.27
galreg :GM173 32 41.14 - n o 35.94 2572.00 979241.61 979539.48
galreg :GM174 32 41.49 - n o 35.22 2685.00 979232.50 979539.96
galreg 104175 32 41.65 - n o 34.31 2855.00 979222.51 979540.18
galreg JGM176 32 41.73 - n o 33.41 2985.00 979216.06 979540.29
galreg :GM177 32 41.68 -110 33.10 3205.00 979199.97 979540.22
galreg :GH178 32 42.14 - n o 31.75 3768.00 979167.30 979540.85
galreg :GM179 32 42.82 -110 31.02 3970.00 979156.12 979541.78
galreg IGM180 32 43.40 - n o 30.43 4083.00 979152.28 979542.58
galreg :GM81 32 43.96 -110 30.01 3860.00 979171.78 979543.34
galreg :GM182 32 43.80 -110 29.07 4180.00 979152.62 979543.12
galreg :GH183 32 44.23 -110 28.69 4180.00 979154.69 979543.71
galreg :GM184 32 44.54 -110 28.09 4540.00 979132.62 979544.14
galreg SGM185 32 44.56 -110 28.58 4460.00 979136.78 979544.16
galreg : 01186 32 43.73 -110 28.55 4230.00 979149.87 979543.03
galreg :GH187 32 43.36 -110 28.61 4190.00 979148.72 979542.52
galreg :GM188 32 41.67 - n o 36.65 2435.00 979252.43 979540.21
galreg :GM189 32 42.25 -110 37.06 2400.00 979258.35 979541.00
galreg SGM190 32 42.84 -110 37.16 2395.00 979263.21 979541.81

1.30 -88.00 -0.93 0.00 -62.58 -150.20 -142.33
1.25 -144.27 -1.30 0.00 -8.75 -153.07 -140.10
1.42 -135.92 -1.26 0.00 -15.91 -151.67 -139.47
1.95 -140.52 -1.28 0.00 -9.29 -149.14 -136.57
1.03 -145.98 -1.31 0.00 -2.24 -148.50 -135.35
0.97 -144.44 -1.30 0.00 -0.39 -145.16 -132.15
1.20 -140.35 -1.28 0.00 -2.44 -142.87 -130.25
0.84 -138.47 -1.27 0.00 -3.39 -142.29 -129.81
1.55 -150.24 -1.33 0.00 4.80 -145.22 -131.74
1.83 -144.78 -1.30 0.00 3.51 -140.75 -127.78
0.90 -139.50 -1.28 0.00 -1.03 -140.90 -128.33
1.83 -143.49 -1.30 0.00 0.97 -141.99 -129.14
1.62 -141.20 -1.28 0.00 -1.47 -142.33 -129.67
1.40 -140.32 -1.28 0.00 -2.49 -142.69 -130.08
1.22 -137.96 -1.27 0.00 -8.29 -146.30 -133.89
0.73 -128.07 -1.21 0.00 -21.03 -149.59 -138.03
0.76 -122.44 -1.18 0.00 -30.66 -153.52 -142.47
0.75 -117.36 -1.15 0.00 -36.93 -154.69 -144.11
0.68 -111.36 -1.11 0.00 -44.29 -156.08 -146.03
1.59 -104.54 -1.06 0.00 -45.88 -149.89 -140.54
12.88 -202.26 -1.49 0.00 45.33 -145.54 -128.38
15.08 -208.57 -1.50 0.00 50.89 -144.10 -126.57
7.07 -186.22 -1.46 0.00 37.05 -143.57 -127.33
5.18 -167.12 -1.40 0.00 24.06 -139.26 -124.58
5.57 -155.53 -1.35 0.00 10.66 -140.65 -127.05
8.60 -159.62 -1.37 0.00 9.71 -142.68 -128.98
6.98 -165.42 -1.39 0.00 17.56 -142.27 -127.90
3.50 -142.06 -1.29 0.00 0.91 -138.94 -126.37
2.77 -157.06 -1.36 0.00 16.96 -136.69 -124.70
3.37 -158.02 -1.36 0.00 15.80 -140.21 -126.19
3.25 -150.89 -1.33 0.00 12.35 -136.62 -123.23
1.22 -84.31 -0.90 0.00 -59.40 -143.40 -135.85
0.96 -87.72 -0.93 0.00 -55.96 -143.65 -135.77
0.91 -91.58 -0.96 0.00 -54.92 -146.55 -138.31
0.97 -97.38 -1.01 0.00 -49.15 -146.56 -137.80
1.09 -101.81 -1.04 0.00 -43.48 -145.23 -136.09
1.71 -109.31 -1.09 0.00 -38.81 -147.51 -137.74
3.07 -128.52 -1.22 0.00 -19.18 -145.84 -134.45
2.94 -135.41 -1.25 0.00 -12.30 -146.02 -134.00
2.95 -139.26 -1.27 0.00 -6.30 -143.89 -131.52
2.15 -131.65 -1.23 0.00 -8.54 -139.27 -127.52
2.19 -142.57 -1.29 0.00 2.60 -139.07 -126.33
3.24 -142.57 -1.29 0.00 4.09 -136.53 -123.89
2.46 -154.85 -1.35 0.00 15.43 -138.30 -124.48
2.13 -152.12 -1.34 0.00 12.05 -139.27 -125.67
2.65 -144.27 -1.30 0.00 4.65 -138.27 -125.43
4.36 -142.91 -1.29 0.00 0.25 -139.59 -127.02
1.17 -83.05 -0.89 0.00 -58.75 -141.52 -134.08
1.15 -81.86 -0.88 0.00 -56.91 -138.50 -131.16
1.09 -81.69 -0.88 0.00 -53.33 -134.81 -127.49

too



9«lreg r eg 
galteg 
galteg 
galreg 
gal teg galteg 
galteg gal teg 
galreg galteg 
galreg 
galteg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
qalreq

IGM191 32 36.62 -110 30.04 3117.00 9/9196.39 979533.30
:GMI92 32 37.21 -110 29.15 3285.00 979185.87 979534.11
:GM193 32 37.76 -110 28.93 3457.00 979174.21 979534.86
;GH194 32 38.02 -110 29.28 3553.00 979168.25 979535.21
iGH!95 32 38.17 -110 28.37 3645.00 979159.73 979535.42
:GM196 32 38.88 -110 27.56 3902.00 979144.44 979536.39
:GM197 32 39.06 -110 26.98 4020.00 979141.85 979536.63
SGM198 32 39.45 -110 26.76 4260.00 979132.16 979537.17
SGM199 32 40.12 -110 26.93 4210.00 979139.98 979538.09
:GM200 32 40.50 -110 27.69 3913.00 979155.44 979538.61
:GM201 32 40.24 -110 28.39 3985.00 979145.67 979538.25
:CM202 32 41.78 -110 28.18 4037.00 979156.60 979540.36
:GH203 32 41.63 -110 27.56 4410.00 979133.89 979540.16
:GM204 32 41.57 -110 27.41 4460.00 979129.57 979540.07
;GM205 32 40.84 -110 27.52 4005.00 979152.29 979539.07
SGM200 32 40.50 -110 27.69 3913.00 979155.40 979538.61
%GM206 32 39.88 -110 28.73 3860.00 979151.67 979537.76
:GK207 32 39.49 -110 29.24 3758.00 979157.96 979537.23
:GM208 32 39.32 -110 29.52 3718.00 979159.90 979536.99
:GM209 32 38.87 -110 30.07 3476.00 979176.01 979536.38
IGM210 32 38.38 -110 30.41 3209.00 979193.49 979535.70
:GM211 32 37.82 -110 31.32 3016.00 979207.61 979534.94
:GM213 32 36.94 -110 32.32 2565.00 979229.64 979533.73
:GH212 32 37.30 -110 31.84 2752.00 979220.74 979534.23
:GM214 32 46.94 -110 39.96 2270.00 979272.98 979547.43
:GH215 32 44.33 -110 38.19 2370.00 979267.18 979543.85
:GM216 32 44.81 -110 37.02 2638.00 979246.56 979544.51
%GM217 32 46.70 -110 32.36 3634.00 979200.73 979547.10
:GM218 32 45.63 -110 34.14 3210.00 979216.53 979545.63
:CK219 32 45.48 -110 35.41 2995.00 979229.14 979545.43
;GM220 32 45.08 -110 36.22 2815.00 979239.66 979544.68
:GM221 32 44.84 -110 36.86 2678.00 979247.28 979544.55
:GM222 32 39.63 -110 35.45 2530.00 979238.17 979537.41
:GK223A 32 40.19 -110 35.87 2475.00 979244.32 979538.16
:GM223D 32 39.01 -110 34.75 2510.00 979239.92 979536.57
:GM224 32 37.92 -110 33.35 2550.00 979232.46 979535.06
:GM225 32 38.55 -110 34.24 2530.00 979235.73 979535.94
;GM226 32 37.51 -110 32.93 2601.00 979227.83 979534.52
:GM227 32 36.39 -110 32.15 2586.00 979226.89 979532.98
:GM228 32 36.03 -110 37.03 3285.00 979186.85 979532.49
%GM229 32 35.21 -110 36.75 3340.00 979180.56 979531.38
:GM230 32 36.66 -110 37.53 3305.00 979189.11 979533.35
:GM231 32 37.45 -110 38.16 3300.00 979193.64 979534.44
%GM232 32 37.95 -110 39.18 3350.00 979191.54 979535.12
:GM233 32 38.31 -110 40.09 3315.00 979193.71 979535.61
:GK234 32 38.97 -110 40.65 3450.00 979193.58 979536.52
%GM235 32 39.84 -110 40.85 3315.00 979204.90 979537.70
%GM236 32 36.60 -110 45.95 4540.00 979139.46 979533.27
:GM237 32 37.67 -110 44.53 4155.00 979158.39 979534.73
%GM238 32 38.27 -110 43.98 4286.00 979148.31 979535.55
:GM239 32 38.95 -110 43.90 4081.00 979161.64 979536.48

1.89 -106.31 -1.07 0.00
1.35 -112.0* -1.11 0.00
1.61 -117.91 -1.15 0.00
2.46 -121.18 -1.17 0.00
1.96 -124.32 -1.19 0.00
2.43 -133.09 -1.24 0.00
3.02 -137.11 -1.26 0.00
4.41 -145.30 -1.31 0.00
3.65 -143.59 -1.30 0.00
2.79 -133.46 -1.24 0.00
3.15 -135.92 -1.26 0.00
3.33 -137.69 -1.27 0.00
4.15 -150.41 -1.33 0.00
3.92 -152.12 -1.34 0.00
3.68 -136.60 -1.26 0.00
2.79 -133.46 -1.24 0.00
2.16 -131.65 -1.23 0.00
2.17 -128.17 -1.21 0.00
2.56 -126.81 -1.21 0.00
1.81 -118.56 -1.15 0.00
1.29 -109.45 -1.09 0.00
1.38 -102.87 -1.05 0.00
1.34 -87.48 -0.93 0.00
1.17 -93.86 -0.98 0.00
1.44 -77.42 -0.64 0.00
1.02 -80.83 -0.87 0.00
0.91 -89.97 -0.95 0.00
2.35 -123.95 -1.19 0.00
1.70 -109.48 -1.09 0.00
0.92 -102.15 -1.04 0.00
0.79 -96.01 -1.00 0.00
0.87 -91.34 -0.96 0.00
1.21 -66.29 -0.92 0.00
1.80 -84.42 -0.90 0.00
1.35 -85.61 -0.91 0.00
1.29 -86.97 -0.92 0.00
1.28 -86.29 -0.92 0.00
1.14 -88.71 -0.94 0.00
1.22 -88.20 -0.93 0.00
0.87 -112.04 -1.11 0.00
0.86 -113.92 -1.12 0.00
0.86 -112.72 -1.12 0.00
0.85 -112.55 -1.12 0.00
0.87 -114.26 -1.13 0.00
1.36 -113.07 -1.12 0.00
0.97 -117.67 -1.15 0.00
0.82 -113.07 -1.12 0.00
1.72 -154.85 -1.35 0.00
1.22 -141.72 -1.29 0.00
2.04 -146.18 -1.31 0.00
1.39 -139.19 -1.27 0.00

U *. e v*-43.74 -149.24 -139.75 
-39.28 -151.08 -141.03 
-35.51 -152.96 -142.41 
-32.80 -152.69 -141.92 -32.88 -156.43 -145.33 
-24.98 -156.88 -145.02 -16.71 -152.07 -139.90 -4.38 -146.57 -133.79 
-2.18 -143.41 -130.72 
-15.16 -147.08 -135.22 
-17.80 -151.82 -139.78 
-4.09 -139.72 -127.53 
8.47 -139.12 -125.85 
8.94 -140.60 -127.16 

-10.12 -144.30 -132.24 
-15.20 -147.12 -135.26 
-23.06 -153.79 -142.04 
-25.83 -153.05 -141.61 
-27.42 -152.87 -141.60 
-33.45 -151.35 -140.75 
-40.40 -149.65 -139.83 
-43.66 -146.20 -136.98 
-62.84 -149.91 -142.08 
-54.64 -148.32 -139.90 
-60.94 -137.77 -130.86 
-53.75 -134.44 -127.19 
-49.83 -139.84 -131.75 
-4.60 -127.38 -116.35 
-27.19 -136.07 -126.28 
-34.60 -136.87 -127.68 
-40.45 -136.67 -128.02 
-45.38 -136.81 -128.59 
-61.28 -147.28 -139.55 
-61.07 -144.59 -137.08 
-60.56 -145.74 -138.08 
-62.77 -149.38 -141.59 
-62.25 -148.18 -140.45 
-62.05 -150.56 -142.60 -62.86 -150.78 -142.88 
-36.68 -148.96 -138.87 
-36.68 -150.86 -140.60 -33.40 -146.38 -136.22 
-30.43 -143.24 -133.10 
-28.50 -143.02 -132.73 
-30.12 -142.94 -132.80 
-18.46 -136.31 -125.72 
-21.02 -134.39 -124.20 33.15 -121.33 -107.44 
14.42 -127.36 -114.62 
15.84 -129.62 -116.54
8.96 -130.11 -117.61
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galreg sGK240 
galreg :GM241 
galreg :GM242 
galteg :GM243 galteg :GM244 
galreg :GM245 
galteg :GM246 
galreg :GM247 
galreg :GM248 
galreg :GK249 
galreg :GM250 
galreg :GM251 
galreg :GK252 
galreg :GM253 
galreg :GM254 
galreg sGKZSS 
galreg iGM256 
galreg :GH257 
galreg :GM258 
galreg :GM259 
galreg :GM260 
galreg $01261 
galreg :GK262 galreg :CH263 
galreg :GM264 
galreg :GK265 
galreg :GM266 
galreg :GH267 
galreg $GM268 
galreg :GM269 
galreg :GM270 
galreg :GM271 
galreg :GM272 
galreg $GM273 
galreg :GM274 
galreg :GK275 
galreg $GM276 
galreg :GK277 
galreg :GM278 
galreg :GM279 
galreg :GM280 
galreg $01281 
galreg $GM282 
galreg $GM283 
galreg $CM284 
galreg $GM285 
galreg $CM286 
galreg $CK287 
galreg $01288 galreg $GM289

32 39.56 -110 43.32 
32 40.10 -110 42.97 
32 40.34 -110 42.72 
32 40.75 -110 41.45 32 42.73 -110 38.46 
32 42.41 -110 38.97 
32 42.10 -110 39.64 
32 40.52 -110 41.07 
32 36.69 -110 46.26 
32 46.63 -110 38.75 32 46.85 -110 38.40 
32 46.59 -110 39.16 
32 46.41 -110 39.60 
32 44.52 -110 37.80 
32 45.36 -110 35.79 
32 45.48 -110 34.86 
32 45.54 -110 34.42 
32 46.11 -110 33.62 
32 46.22 -110 33.00 
32 46.43 -110 32.53 
32 48.38 -110 34.69 32 48.26 -110 34.97 
32 48.22 -110 35.52 
32 48.69 -110 35.55 
32 49.03 -110 35.44 
32 48.44 -110 35.75 
32 48.17 -110 36.25 
32 47.68 -110 36.88 
32 47.60 -110 37.23 
32 47.27 -110 38.18 
32 47.54 -110 39.12 
32 47.36 -110 39.88 
32 47.31 -110 40.21 
32 30.86 -110 7.37 
32 30.81 -110 8.02 
32 30.85 -110 8.65 
32 30.72 -110 9.39 
32 30.40 -110 10.59 
32 30.60 -110 12.00 
32 31.36 -110 12.25 
32 31.88 -110 12.25 
32 32.31 -110 12.23 
32 32.99 -110 12.24 
32 33.24 -110 12.77 
32 33.33 -110 13.16 
32 34.13 -110 15.75 
32 33.17 -110 14.61 
32 33.45 -110 12.77 
32 33.43 -110 12.54 
32 45.56 -110 30.75

3774.00 979180.41
3653.00 979188.60
3579.00 979195.15
3310.00 979208.372510.00 979255.762725.00 979240.96
2919.00 979229.23
3285.00 979209.00
4513.00 979142.19
2410.00 979264.43
2470.00 979262.42
2355.00 979269.65
2315.00 979270.852530.00 979256.892905.00 979233.413060.00 979226.62
3140.00 979218.47
3340.00 979206.69
3455.00 979201.99
3550.00 979200.56
3260.00 979228.43
3190.00 979230.64
3070.00 979232.21
3115.00 979231.06
3285.00 979220.96
3035.00 979235.58
2956.00 979236.73
2785.00 979249.39
2725.00 979253.74
2725.00 979244.24
2430.00 979264.94
2310.00 979271.69
2300.00 979272.87
4558.00 979098.97
4582.00 979097.55
4608.00 979095.83
4658.00 979092.08
4706.00 979086.22
4793.00 979080.40
4811.00 979078.21
4603.00 979080.61
4786.00 979081.87
4810.00 979081.11
4857.00 979077.68
4892.00 979075.12
5380.00 979051.61
5031.00 979065.144847.00 979078.64
4832.00 979080.10
4170.00 979159.87

979537.32 
979538.06
979538.39
979538.95 979541.66 979541.22
979540.80 
979538.63
979533.40
979547.00 
979547.30
979546.95 
979546.70
979544.11979545.26
979545.43 
979545.51
979546.29
979546.44 
979546.73979549.40
979549.27 
979549.18 
979549.83
979550.29 
979549.48
979549.12
979548.45
979548.33 
979547.88 
979548.25
979548.00
979547.94 
979525.43 
979525.36
979525.41 
979525.24
979524.80 
979525.08
979526.12 
979526.82
979527.41
979528.34 
979528.68
979528.80 
979529.90 
979528.59 979528.97
979528.94 979545.54

1.00 -129.72 -1.22 0.00
1.26 -124.59 -1.19 0.00
0.77 -122.07 -1.18 0.00
0.77 -112.89 -1.12 0.001.03 -85.61 -0.91 0.000.95 -92.94 -0.97 0.000.94 -99.56 -1.02 0.001.14 -112.04 -1.11 0.00
1.64 -153.93 -1.35 0.00
1.56 -82.20 -0.88 0.00
2.99 -84.24 -0.90 0.00
1.69 -80.32 -0.87 0.00
1.18 -78.96 -0.86 0.002.13 -86.29 -0.92 0.00
0.97 -99.08 -1.02 0.00
1.66 -104.37 -1.06 0.00
1.61 -107.10 -1.08 0.001.81 -113.92 -1.12 0.00
1.96 -117.84 -1.15 0.002.00 -121.08 -1.17 0.00
2.88 -111.19 -1.11 0.001.54 -108.80 -1.09 0.00
1.46 -104.71 -1.06 0.00
1.93 -106.24 -1.07 0.00
1.55 -112.04 -1.11 0.00
1.17 -103.52 -1.05 0.001.00 -100.82 -1.03 0.00
0.77 -94.99 -0.99 0.00
1.09 -92.94 -0.97 0.00
1.16 -92.94 -0.97 0.001.50 -82.88 -0.89 0.00
1.42 -78.79 -0.86 0.00
1.02 -78.45 -0.85 0.00
0.70 -155.46 -1.35 0.00
0.93 -156.28 -1.36 0.00
1.25 -157.17 -1.36 0.00
1.85 -158.87 -1.37 0.00
1.28 -160.58 -1.37 0.00
1.09 -163.48 -1.38 0.00
1.04 -164.09 -1.39 0.00
0.98 -163.82 -1.39 0.00
0.96 -163.24 -1.38 0.00
0.95 -164.06 -1.39 0.00
1.08 -165.66 -1.39 0.00
1.21 -166.85 -1.40 0.00
6.05 -183.50 -1.45 0.00
2.71 -171.59 -1.41 0.001.08 -165.32 -1.39 0.00
1.03 -164.81 -1.39 0.00
1.92 -142.23 -1.29 0.00

-1.97 -130.91 -119.32 
-5.90 -130.42 -119.23 
-6.64 -129.11 -118.10 
-19.27 -132.51 -122.33 -49.82 -135.31 -127.62 -43.96 -136.92 -128.56 
-37.03 -136.67 -127.71 
-20.67 -132.69 -122.62 
33.21 -120.42 -106.61 
-55.89 -137.41 -130.09 
-52.56 -134.72 -127.33 
-55.79 -135.29 -128.15 
-58.11 -136.74 -129.67 
-49.25 -134.33 -126.69 
-38.62 -137.75 -128.84 
-31.01 -134.78 -125.45 
-31.71 -138.28 -128.70 -25.47 -138.70 -128.52 
-19.50 -136.53 -126.01 
-12.29 -132.54 -121.73 
-14.36 -123.77 -113.94 
-18.60 -126.95 -117.21 
-28.23 -132.53 -123.16 
-25.79 -131.18 -121.70 
-20.37 -131.97 -121.94 
-28.45 -131.85 -122.56 
-34.37 -135.22 -126.15 
-37.11 -132.32 -123.76 
-38.28 -131.11 -122.77 
-47.34 -140.09 -131.76 -54.75 -137.02 -129.63 
-59.04 -137.26 -130.23 
-58.74 -137.02 -129.98 
2.19 -153.92 -139.89 
3.10 -153.61 -139.52 
3.77 -153.51 -139.37 
4.89 -153.50 -139.26 
4.17 -156.50 -142.06 
6.07 -157.71 -142.98
4.53 -159.91 -145.13 
5.47 -158.75 -143.99
4.54 -159.12 -144.41 
5.12 -159.38 -144.59 
5.76 -160.21 -145.29 
6.36 -160.68 -145.66
27.64 -151.26 -135.18 
9.67 -160.62 -145.325.49 -160.14 -145.25 
5.57 -159.59 -144.74
6.50 -135.10 -122.37 122



galreg 
galreg 
galreg
galreggalreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreggalreg
galreg
galreg
galreg
galreg
galreg
galreggalreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg
galreg

:GH290 32 45.90 -110 30.44 4190-00 979161.89
jGM291 32 45.87 -110 29.93 4520.00 979139.96
SGH292 32 46.42 -110 29.89 4590.00 979136.75
;GM293 32 44.53 -110 28.10 4950.00 979116.35
:GH294 32 47.27 -110 30.11 4320.00 979157.72
SGM295 32 47.90 -110 30.37 4690.00 979139.08
:GH296 32 48.59 -110 30.26 5370.00 979092.80
:CM297 32 49.08 -110 29.85 4670.00 979140.68
:GM298 32 49.04 -110 29.31 5030.00 979118.31
:GM299 32 48.97 -110 28.93 4550.00 979147.96
:GM300 32 48.57 -110 28.68 4660.00 979139.86
:GM301 32 49.28 -110 28.97 4490.00 979152.07
:GM302 32 49.44 -110 28.52 4540.00 979148.33
:GH303 32 48.81 -110 28.18 4670.00 979138.33
:GM304 32 48.41 -110 27.86 4775.00 979130.03
:GM305 32 47.79 -110 27.26 5140.00 979101.61
:GM306 32 48.36 -110 27.38 5270.00 979091.51
:GM302 32 49.44 -110 28.52 4540.00 979148.40
:GM307 32 49.75 -110 27.65 4530.00 979145.93
:GM308 32 49.74 -110 27.39 4370.00 979153.62
:GM309 32 50.09 -110 27.79 4700.00 979131.73
:GM310 32 50.57 -110 27.21 4380.00 979151.73
:CM311 32 51.09 -110 27.11 4030.00 979170.10
:GM312 32 50.88 -110 26.88 4180.00 979157.46
:GM313 32 51.28 -110 26.79 4100.00 979158.51
:GM314 32 51.73 -110 26.78 4080.00 979157.67
:GM315 32 51.95 -110 26.31 3702.00 979175.37
:GM316 32 52.00 -110 25.85 3221.00 979200.41
:GM317 32 52.43 -110 26.14 3190.00 979204.66
:GM318 32 34.57 -110 15.80 5449.00 979042.61
:GM319 32 33.70 -110 15.42 5185.00 979060.56
:GM320 32 33.18 -110 13.68 4948.00 979071.61
:GM321 32 32.37 -110 30.94 2805.00 979210.05
:CM322 32 31.97 -110 31.68 2970.00 979202.96
:GM323 32 31.76 -110 33.05 3115.00 979197.43
:GM324 32 31.04 -110 34.51 3339.00 979181.00
:GM325 32 30.72 -110 35.42 3486.00 979171.07
2GM326 32 30.57 -110 36.26 3699.00 979159.07
:GM327 32 30.19 -110 37.14 3878.00 979150.74
:GM328 32 29.87 -110 37.99 4018.00 979145.47
%GM329 32 29.54 -110 39.11 4205.00 979139.79
:GM330 32 29.33 -110 40.03 4304.00 979137.89
:GM331 32 30.37 -110 13.03 4884.00 979071.21
:GM332 32 30.36 -110 13.88 5138.00 979053.41
:GM333 32 30.28 -110 14.76 5160.00 979052.66
zGM334 32 33.44 -110 11.74 4770.00 979086.36
:GM335 32 33.87 -110 13.33 4680.00 979076.21
:GM336 32 34.10 -110 14.68 5035.00 979069.00
:GM337 32 33.69 -110 13.93 4930.00 979072.40
2CM338 32 34.32 -110 12.77 4805.00 979061.80
:GM339 32 34.32 -110 11.74 4722.00 979089.69
201340 32 34.34 -110 10.70 4673.00 979093.18

979546.00
979545.96 
979546.71
979544.12979547.86
979548.74 979549.69
979550.36
979550.30 
979550.21
979549.66
979550.63979550.86 
979549.99 
979549.45
979548.59
979549.38
979550.86 
979551.28 
979551.27
979551.75 
979552.41
979553.12 
979552.83
979553.38979554.00
979554.30979554.37
979554.96 979530.50
979529.31
979528.60 
979527.49
979526.95
979526.66 
979525.68 
979525.24 
979525.03 979524.52 
979524.08
979523.63 
979523.34 
979524.77
979524.75979524.64
979528.95 
979529.54 
979529.85 
979529.30
979530.16
979530.16 
979530.18

u • v v
2.09 -142.91 -1.29 0.00 9.94 -132.17 -119.40
2.97 -154.16 -1.35 0.00 19.08 -133.46 -119.75
3.13 -156.55 -1.36 0.00 21.70 -133.08 -119.17
9.27 -168.83 -1.40 0.00 37.73 -123.24 -108.77
4.94 -147.34 -1.32 0.00 16.11 -127.61 -114.69
3.75 -159.96 -1.37 0.00 31.39 -126.19 -112.02
6.37 -183.16 -1.45 0.00 48.09 -130.14 -114.12
5.34 -159.28 -1.37 0.00 29.50 -125.81 -111.85
3.93 -171.56 -1.41 0.00 41.03 -128.01 -112.82
3.34 -155.19 -1.35 0.00 25.65 -127.55 -113.78
3.48 -158.94 -1.37 0.00 28.43 -128.39 -114.30
3.04 -153.14 -1.34 0.00 23.69 -127.75 -114.14
2.13 -154.85 -1.35 0.00 24.43 -129.64 -115.79
2.83 -159.28 -1.37 0.00 27.51 -130.30 -116.12
2.34 -162.86 -1.38 0.00 29.64 -132.27 -117.72
3.20 -175.31 -1.43 0.00 36.38 -137.16 -121.56
6.86 -179.74 -1.44 0.00 37.72 -136.61 -120.94
2.13 -154.85 -1.35 0.00 24.50 -129.57 -115.72
1.80 -154.51 -1.35 0.00 20.66 -133.39 -119.54
2.41 -149.05 -1.32 0.00 13.33 -134.64 -121.34
2.48 -160.30 -1.37 0.00 21.98 -137.22 -122.91
2.23 -149.39 -1.32 0.00 11.23 -137.25 -123.90
2.06 -137.45 -1.27 0.00 -4.01 -140.66 -128.38
2.21 -142.57 -1.29 0.00 -2.26 -143.91 -131.17
2.74 -139.84 -1.28 0.00 -9.29 -147.66 -135.22
2.88 -139.16 -1.27 0.00 -12.62 -150.17 -137.81
2.14 -126.26 -1.20 0.00 -30.76 -156.09 -144.82
3.33 -109.86 -1.10 0.00 -51.02 -158.65 -148.97
3.40 -108.80 -1.09 0.00 -50.28 -156.77 -147.20
6.43 -185.85 -1.46 0.00 24.52 -156.36 -140.10
4.32 -176.85 -1.43 0.00 18.85 -155.11 -139.48
1.42 -168.76 -1.40 0.00 8.32 -160.42 -145.25
0.84 -95.67 -0.99 0.00 -53.62 -149.44 -140.83
1.45 -101.30 -1.04 0.00 -44.64 -145.53 -136.46
0.74 -106.24 -1.07 0.00 -36.25 -142.83 -133.25
0.84 -113.88 -1.12 0.00 -30.64 -144.81 -134.55
1.00 -118.90 -1.16 0.00 -26.31 -145.36 -134.66
1.36 -126.16 -1.20 0.00 -18.07 -144.08 -132.75
1.51 -132.27 -1.24 0.00 -9.05 -141.05 -129.18
1.61 -137.04 -1.26 0.00 -0.73 -137.42 -125.13
2.35 -143.42 -1.30 0.00 11.62 -130.75 -117.95
2.36 -146.80 -1.31 0.00 19.32 -126.43 -113.33
2.00 -166.58 -1.40 0.00 5.74 -160.23 -145.31
2.39 -175.24 -1.43 0.00 11.83 -162.44 -146.78
6.88 -175.99 -1.43 0.00 13.26 -157.28 -141.95
0.92 -162.69 -1.38 0.00 5.99 -157.16 -142.50
1.46 -166.44 -1.40 0.00 5.59 -160.78 -145.83
3.30 -171.73 -1.41 0.00 12.64 -157.20 -141.93
1.82 -168.15 -1.40 0.00 6.73 -161.01 -145.93
1.15 -163.88 -1.39 0.00 3.51 -160.61 -145.86
0.92 -161.05 -1.38 0.00 3.60 -157.91 -143.39
0.77 -159.38 -1.37 0.00 2.46 -157.52 -143.14



.galteg 
galreg 
galreg gal teg galreg 
galreg 
galreg 
galreg 
galreg galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg galreg 
galreg 
galreg 
galreg 
galreg galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
galreg 
oalrea

IGK341 32 33 .4 6  -1 1 0  1 0 .7 2  
:CM342 32 27 .3 3  -1 1 0  1 1 .6 0  
SGM343 32 26 .4 6  -1 1 0  1 1 .48  
:CM344 32 2 6 .1 3  -1 1 0  1 2 .06  
SGM345 32 26 .4 6  -1 1 0  1 3 .04  
:GM346 32 2 6 .6 5  -1 1 0  1 3 .0 9  
SGM347 32 28 .7 9  -1 1 0  1 4 .1 0  
tCM348 32 28 .9 3  -1 1 0  12 .94  
IGM349 32 3 0 .7 1  -1 1 0  1 5 .44  
SGM350 32 3 0 .9 8  -1 1 0  16 .47  
SGM351 32 31 .14  -1 1 0  16 .86  
SGM352 32 3 0 .3 7  -1 1 0  1 6 .77  
SGM353 32 31 .0 6  -1 1 0  1 5 .88  
:GM354 32 3 0 .1 2  -1 1 0  11 .83  
;CM355 32 29 .5 3  -1 1 0  1 1 .73  
SGM356 32 28 .8 6  -1 1 0  1 1 .84  
:GM357 32 2 8 .6 1  -1 1 0  1 2 .3 3  
SGM358 32 2 8 .2 9  -1 1 0  1 1 .89  
SGM359 32 27 .77  -1 1 0  1 1 .45  
:GM360 32 2 9 .9 5  -1 1 0  1 2 .01  
SGM361 32 29 .49  -1 1 0  1 2 .68  
SCM362 32 2 8 .3 7  -1 1 0  1 2 .91  
SGM363 32 2 7 .7 6  -1 1 0  1 2 .82  
:GM364 32 28 .3 9  -1 1 0  1 3 .43  
SGM365 32 28 .4 9  -1 1 0  1 4 .2 0  
:GK366 32 28 .81  -1 1 0  1 4 .9 8  
SGM367 32 29 .1 6  -1 1 0  1 2 .2 0  
:GM368 32 27 .5 3  -1 1 0  1 2 .0 2  
:CM369 32 27 .2 1  -1 1 0  1 2 .59  
•CM370 32 27 .0 7  -1 1 0  1 3 .07  
SGM371 32 27 .1 1  -1 1 0  1 3 .47  
:GM372 32 27 .5 1  -1 1 0  1 4 .1 0  
:GM373 32 3 0 .8 4  -1 1 0  5 .5 9  
SGM374 32 38 .9 4  -1 1 0  4 0 .6 5  
SGM375 32 28 .91  -1 1 0  7 .9 1  
SGH376 32 2 8 .8 0  -1 1 0  8 .0 4  
:CM377 32 28 .3 9  -1 1 0  9 .8 9  
SGM378 32 2 8 .3 2  -1 1 0  1 0 .3 9  
JGM379 32 27 .4 0  -1 1 0  1 0 .5 2  
tGM380 32 26 .8 3  -1 1 0  1 0 .6 8  
IGM381 32 26 .2 7  -1 1 0  1 0 .8 5  
:GM382 32 25 .8 6  -1 1 0  9 .9 5  
tGM383 32 26 .46  -1 1 0  9 .9 5  
:CM384 32 28 .1 4  -1 1 0  8 .9 8  
:GM385 32 2 8 .4 0  -1 1 0  9 .0 4  
SGM386 32 32 .01  -1 1 0  1 5 .4 7  
SCM387 32 31 .3 9  -1 1 0  1 4 .7 5  
sGM388 32 31 .7 2  -1 1 0  1 4 .3 3  
:CM389 32 32 .0 9  -1 1 0  1 3 .6 1  
SGM390 32 32 .44  -1 1 0  1 3 .0 1

4696.00 979093.08 979528.98
5110.00 979050.93 979520.62
5395.00 979028.98 979519.43
5100.00 979047.81 979518.985852.00 978997.85 979519.436167.00 978973.87 979519.69
5360.00 979038.71 979522.61
4963.00 979064.50 979522.80
5300.00 979046.85 979525.235930.00 979006.21 979525.59
6996.00 978926.00 979525.81
7663.00 978870.51 979524.77
5500.00 979029.01 979525.70
4778.00 979081.08 979524.42
4800.00 979079.19 979523.62
4880.00 979070.41 979522.70
4980.00 979066.43 979522.36
4970.00 979062.44 979521.92
5000.00 979063.49 979521.22
4786.00 979079.57 979524.19
4835.00 979074.41 979523.56
4975.00 979062.90 979522.03
5100.00 979052.89 979521.20
5841.00 979000.93 979522.06
6205.00 978975.18 979522.20
6450.00 978963.11 979522.63
4905.00 979070.93 979523.11
5090.00 979052.85 979520.89
5745.00 979007.75 979520.45
5932.00 978993.36 979520.26
5941.00 978992.14 979520.31
6110.00 978980.12 979520.86
4487.00 979102.54 979525.41
4611.00 979093.04 979536.47
4705.00 979084.47 979522.77
4725.00 979082.33 979522.62
4893.00 979069.47 979522.06
4931.00 979066.21 979521.975035.00 979052.96 979520.71
5108.00 979047.98 979519.93
5331.00 979031.96 979519.17
5380.00 979029.71 979518.61
5280.00 979036.43 979519.43
4851.00 979068.78 979521.72
4810.00 979071.56 979522.08
5310.00 979044.74 979527.00
5080.00 979053.68 979526.16
5006.00 979058.65 979526.60
4950.00 979064.53 979527.11
4835.00 979073.57 979527.59

0.74 -160.17 -1.37
2.25 -174.29 -1.42
1.65 -184.01 -1.45 
2.37 -173.95 -1.426.90 -199.59 -1.49 13.01 -210.34 -1.50
9.50 -182.81 -1.45
2.90 -169.27 -1.41
7.92 -180.77 -1.44 10.92 -202.26 -1.49 
20.17 -238.61 -1.52 
35.86 -261.36 -1.49
6.93 -187.59 -1.46
1.09 -162.96 -1.38
1.25 -163.71 -1.39 
1.85 -166.44 -1.40 
2.23 -169.85 -1.41 
1.73 -169.51 -1.41
1.75 -170.54 -1.41 
1.80 -163.24 -1.38 
2.45 -164.91 -1.39 
3.44 -169.68 -1.41 
2.53 -173.95 -1.42 5.88 -199.22 -1.49
9.66 -211.63 -1.51
8.66 -219.99 -1.51 
1.64 -167.30 -1.40 
3.05 -173.61 -1.42
5.09 -195.95 -1.48
5.70 -202.32 -1.49 
6.99 -202.63 -1.49
8.76 -208.39 -1.50 
0.78 -153.04 -1.34
29.44 -157.27 -1.36
1.70 -160.47 -1.37 
1.61 -161.16 -1.38
1.57 -166.89 -1.40 
2.15 -168.18 -1.40 
2.36 -171.73 -1.41 
1.79 -174.22 -1.42
1.52 -181.83 -1.45 
1.60 -183.50 -1.45
1.28 -180.09 -1.44 
2.55 -165.45 -1.39 
1.84 -164.06 -1.39
4.52 -181.11 -1.44
4.19 -173.26 -1.422.20 -170.74 -1.41
1.57 -168.83 -1.40
1.28 -164.91 -1.39

0.00 5 .7 2 -1 5 5 .0 8  -1 4 0 .6 3
0.00 10.86 -1 6 2 .6 0  -1 4 7 .0 1
0.00 16 .88 -1 6 6 .9 3  -1 5 0 .4 0
0.00 8 .4 4 -1 6 4 .5 6  -1 4 9 .0 1
0.00 28 .72 -1 6 5 .4 7  -1 4 8 .0 1
0.00 3 4 .08 -1 6 4 .7 5  -1 4 6 .8 8
0.00 2 0 .15 -1 5 4 .6 1  -1 3 8 .9 1
0.00 8 .4 3 -1 5 9 .3 5  -1 4 4 .2 7
0.00 20 .03 -1 5 4 .2 6  -1 3 8 .5 9
0.00 3 8 .24 -1 5 4 .5 8  -1 3 7 .2 5
0.00 58 .0 0 -1 6 1 .9 5  -1 4 2 .1 8
0.00 6 6 .2 4 -1 6 0 .7 5  -1 4 0 .3 5
0.00 20.51 -1 6 1 .6 1  -1 4 5 .2 4
0.00 5 .9 9 -1 5 7 .2 7  -1 4 2 .5 9
0.00 6 .9 7 -1 5 6 .8 8  -1 4 2 .1 5
0.00 6 .6 3 -1 5 9 .3 6  -1 4 4 .4 4
0.00 12 .4 0 -1 5 6 .6 4  -1 4 1 .4 4
0.00 7 .9 0 -1 6 1 .2 9  -1 4 6 .0 8
0 .0 0 1 2 .48 -1 5 7 .7 2  -1 4 2 .4 2
0 .0 0 5 .4 7 -1 5 7 .3 5  -1 4 2 .7 2
0.00 5 .5 4 -1 5 8 .3 1  -1 4 3 .5 8
0.00 8 .7 2 -1 5 8 .9 3  -1 4 3 .8 6
0 .0 0 1 1 .29 -1 6 1 .5 5  -1 4 6 .0 1
0.00 28 .13 -1 6 6 .7 0  -1 4 9 .1 9
0 .0 0 36 .46 -1 6 7 .0 2  -1 4 8 .7 3
0 .0 0 46 .98 -1 6 5 .8 7  -1 4 6 .7 3
0.00 9 .0 9 -1 5 7 .9 6  -1 4 2 .9 4
0.00 1 0 .63 -1 6 1 .3 5  -1 4 5 .8 9
0 .0 0 27.53 -1 6 4 .8 0  -1 4 7 .5 1
0 .0 0 30 .92 -1 6 7 .2 0  -1 4 9 .3 9
0.00 30 .49 -1 6 6 .6 4  -1 4 8 .9 2
0.00 33.80 -1 6 7 .3 3  -1 4 9 .2 5
0.00 -0 .8 9 -1 5 4 .4 9  -1 4 0 .6 8
0.00 -9 .8 0 -1 3 8 .9 8  -1 2 7 .3 7
0 .0 0 4 .1 7 -1 5 5 .9 8  -1 4 1 .5 8
0 .0 0 4 .0 6 -1 5 6 .8 6  -1 4 2 .3 9
0.00 7 .5 5 -1 5 9 .1 6  -1 4 4 .1 8
0.00 7 .9 6 -1 5 9 .4 7  -1 4 4 .4 2
0.00 5 .7 5 -1 6 5 .0 4  -1 4 9 .6 9
0 .0 0 8 .4 0 -1 6 5 .4 5  -1 4 9 .8 2
0.00 14 .11 -1 6 7 .6 4  -1 5 1 .3 0
0.00 17 .03 -1 6 6 .3 2  -1 4 9 .8 4
0.00 13 .53 -1 6 6 .7 2  -1 5 0 .5 2
0.00 3 .2 6 -1 6 1 .0 4  -1 4 6 .2 7
0.00 1 .8 3 -1 6 1 .7 7  -1 4 7 .0 7
0.00 1 7 .0 9 -1 6 0 .9 4  -1 4 4 .9 4
0.00 5 .2 5 -1 6 5 .2 5  -1 4 9 .9 2
0.00 2 .8 2 -1 6 7 .1 4  -1 5 1 .8 6
0.00 2 .9 3 -1 6 5 .7 4  -1 5 0 .5 8
0 .0 0 0.68 -1 6 4 .3 4  -1 4 9 .5 1



3>e<
igalreg :GM391 

galreg :GM392 
galreg :GH393 
galreg :GM394 galreg zGM395 
galreg :GH396 
galreg :GM397 
galreg :GM398 
galreg ;GH399 
galreg :GH400 
galreg :GM401 
galreg :GM402 
galreg :GM403 
galreg :GM404 
galreg :GH405 
galreg iGM406 
galreg :GM407 
galreg :GM408 
galreg :GM409 
galreg :GM410 
galreg %GM411 
galreg :GM412 
galreg :GM413 
galreg %GM414 
galreg :GM15 
galreg :GH416 
galreg :GM417 
galreg :GM418 
galreg $01419 
galreg :GM420 
galreg :GH421 
galreg :GM422 
galreg ;GH423 
galreg :GM424 
galreg :GM425 
galreg :GM426 
galreg :GM427 
galreg :GM428 
galreg ;GM429 
galreg :GM415 
galreg :GM415 
galreg zGM430 
galreg :GM431 
galreg :GM432 
galreg :OS433 
galreg :GM434 
galreg :GH435 
galreg :GM436 
galreg :GM437 galreg :GH438 
galreg :GM439

32 35.20 -110 13.70 4960.00 979069.46 979531.36
32 35.19 -110 12.77 4813.00 979076.47 979531.34
32 33.46 -110 9.68 4630.00 979090.64 979528.98
32 32.59 -110 9.68 4630.00 979093.33 979527.80
32 32.99 -110 8.51 4575.00 979098.11 979528.34
32 34.33 -110 8.66 4562.00 979097.00 979530.17
32 33.46 -110 7.64 4531.00 979110.14 979528.98
32 33.46 -110 8.65 4573.00 979106.28 979528.98
32 35.51 -110 11.71 4707.00 979092.39 979531.78
32 36.07 -110 10.72 4638.00 979100.33 979532.55
32 36.06 -110 13.82 4957.00 979073.04 979532.53
32 20.91 -110 14.33 4127.00 979100.96 979511.87
32 21.68 -110 14.60 4400.00 979090.35 979512.91
32 22.03 -110 15.33 4575.00 979081.35 979513.39
32 22.98 -110 15.04 4360.00 979095.32 979514.69
32 23.23 -110 15.73 4640.00 979081.47 979515.03
32 23.85 -110 16.01 4650.00 979081.68 979515.88
32 24.29 -110 16.28 4520.00 979088.21 979516.47
32 25.12 -110 16.23 4665.00 979079.73 979517.60
32 25.59 -110 16.06 4640.00 979082.28 979518.24
32 26.22 -110 16.21 4683.00 979080.35 979519.10
32 26.85 -110 16.69 4683.00 979082.04 979519.96
32 27.43 -110 17.08 4731.00 979079.73 979520.75
32 27.75 -110 17.80 4345.00 979103.00 979521.19
32 28.31 -110 18.39 4266.00 979105.91 979521.95
32 28.88 -110 18.72 4442.00 979093.99 979522.73
32 29.21 -110 19.11 4523.00 979089.56 979523.18
32 29.66 -110 18.81 4502.00 979094.85 979523.82
32 29.44 -110 18.28 4855.00 979073.55 979523.49
32 27.95 -110 19.22 4020.00 979116.07 979521.46
32 28.60 -110 19.30 4100.00 979113.12 979522.34
32 29.78 -110 19.49 4235.00 979106.51 979523.96
32 30.67 -110 19.37 4327.00 979106.49 979525.17
32 31.06 -110 19.26 4395.00 979105.94 979525.70
32 31.45 -110 18.96 4496.00 979099.72 979526.23
32 32.30 -110 18.88 4630.00 979090.11 979527.40
32 33.17 -110 19.64 5123.00 979065.21 979528.59
32 33.49 -110 20.00 5150.00 979063.46 979529.02
32 31.62 -110 18.98 4495.00 979098.19 979526.47
32 28.31 -110 18.39 4266.00 979105.86 979521.95
32 28.31 -110 18.39 4266.00 979105.85 979521.95
32 41.70 -110 20.59 4535.00 979104.62 979540.25
32 41.25 -110 20.14 5130.00 979068.66 979539.63
32 40.61 -110 20.48 4990.00 979076.35 979538.76
32 40.16 -110 19.84 5435.00 979043.46 979538.14
32 40.54 -110 19.88 6286.00 978987.16 979538.66
32 40.96 -110 19.28 6589.00 978973.47 979539.23
32 16.69 -110 11.59 4559.00 979070.85 979506.12
32 17.41 -110 11.98 4495.00 979076.86 979507.11
32 18.04 -110 12.50 4345.00 979088.57 979507.96
32 19.05 -110 12.84 4249.00 979092.14 979509.34

1.99 -169.17 -1.41 0.00
1.20 -164.16 -1.39 0.00
0.64 -157.92 -1.36 0.00
0.71 -157.92 -1.36 0.00
0.58 -156.04 -1.35 0.00
0.75 -155.60 -1.35 0.00
0.53 -154.54 -1.35 0.00
0.61 -155.97 -1.35 0.00
1.19 -160.54 -1.37 0.00
0.81 -158.19 -1.36 0.00
2.05 -169.07 -1.41 0.00
0.99 -140.76 -1.28 0.00
1.70 -150.07 -1.33 0.00
3.93 -156.04 -1.35 0.00
1.92 -148.71 -1.32 0.00
1.30 -158.26 -1.36 0.00
1.21 -158.60 -1.37 0.00
1.54 -154.16 -1.35 0.00
1.98 -159.11 -1.37 0.00
2.34 -158.26 -1.36 0.00
2.59 -159.72 -1.37 0.00
2.92 -159.72 -1.37 0.00
2.76 -161.36 -1.38 0.00
3.97 -148.20 -1.32 0.00
4.34 -145.50 -1.31 0.00
5.21 -151.50 -1.33 0.00
3.54 -154.27 -1.35 0.00
4.05 -153.55 -1.34 0.00
4.12 -165.59 -1.39 0.00
8.06 -137.11 -1.26 0.00
7.57 -139.84 -1.28 0.00
10.16 -144.44 -1.30 0.00
8.91 -147.58 -1.32 0.00
6.20 -149.90 -1.33 0.00
7.10 -153.35 -1.34 0.00
8.59 -157.92 -1.36 0.00
3.04 -174.73 -1.42 0.00
4.09 -175.65 -1.43 0.00
9.28 -153.31 -1.34 0.00
4.34 -145.50 -1.31 0.00
4.34 -145.50 -1.31 0.00
7.11 -154.68 -1.35 0.00
5.34-174.97 -1.43 0.00
6.54 -170.19 -1.41 0.00
5.12 -185.37 -1.46 0.00
13.90 -214.40 -1.51 0.00
20.47 -224.73 -1.52 0.00
0.58 -155.49 -1.35 0.00
0.62 -153.31 -1.34 0 .0 0
0.89 -148.20 -1.32 0.00
1.43 -144.92 -1.30 0 .0 0

4.55 -164.04 -148.89
-2.25 -166.60 -151.82
-2 .92 -161.56 -147.30

0.95 -157.62 -143.36
0.02 -156.79 -142.70

-4.14 -160.34 -146.30
7.27 -148.09 -134.12
7.36 -149.36 -135.27
3.27 -157.46 -143.01
3.95 -154.79 -140.52
6.67 -161.76 -146.62

-14.77 -155.83 -143.15
-8.76 -158.46 -145.01
-1.79 -155.25 -141.46
-9.33 -157.44 -144.12

2.80 -155.52 -141.29
3.11 -155.65 -141.38

-3.18 -157.15 -143.31
0.84 -157.66 -143.41
0.40 -156.86 -142.74
1.65 -156.85 -142.60
2.48 -155.69 -141.47
3.89 -156.08 -141.70

-9.56 -155.10 -142.02
-14.85 -157.31 -144.51
-10.99 -158.62 -145.35

-8.26 -160.33 -146.66
-5 .58 -156.43 -142.87

6.63 -156.23 -141.60
-27.32 -157.63 -145.92
-23.63 -157.18 -145.18
-19.17 -154.75 -142.57
-11.75 -151.73 -139.15

-6.44 -151.47 -138.43
-3.69 -151.28 -138.01
-1.87 -152.56 -139.01
18.39 -154.72 -139.16
18.74 -154.25 -138.70
-5.55 -150.93 -137.86

-14.89 -157.36 -144.56
-14.90 -157.37 -144.56
-9.14 -158.06 -144.67
11.45 -159.61 -144.23
6.86 -158.21 -143.37

16.42 -165.29 -148.96
39.58 -162.43 -144.27
53.80 -151.98 -133.48
-6.53 -162.79 -148.75
-7 .52 -161.55 -147.71

-10.76 -159.39 -146.03
-17.59 -162.39 -149.37
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galreg :GM440 
galreg ;GM441 
galreg ;GM442 
galreg :GM443 
galreg :GM444 galreg :GM445 galreg :GM446 
galreg :GH447 
galreg :GM448 
galreg :GM449 
galreg :GM450 
galreg %GM451 
galreg IGM452 
galreg :GH453 
galreg :GH4S4 
galreg :GM455 
galreg :GM456 
galreg :GM457 
galreg :GM458 
galreg :GM459 galreg :GM460 
galreg :GM461 
galreg :GM462 
galreg :GM463 
galreg :GM464 
galreg :GM465 
galreg :GH466 
galreg :GM467 
galreg :GM468 
galreg :GM469 
galreg :GM470 
galreg :GM471 
galreg ;GM472 
galreg ;GM473 
galreg :GM474 
galreg :GM475 
galreg :GM476 
galreg :GM477 galreg :GM478 
galreg :GM479 
galreg :GM480 
galreg :GH481 galreg :CM482 
galreg %GM483 
galreg :GM464 galreg %GM485 
galreg %GM486 
galreg :GM487 
galreg :GM488 
qalreq :GM489

32 19.34 -110 13.36 4203.00 
32 20.06 -110 14.05 4220.00 
32 19.68 -110 12.46 4363.00 
32 19.75 -110 11.59 4521.00 
32 19.94 -110 10.59 4845.00 
32 20.01 -110 10.15 4928.00 
32 20.34 -110 8.52 5130.00 
32 27.39 -110 9.13 4950.00 
32 25.75 -110 8.56 5270.00 
32 26.47 -110 8.95 5229.00 
32 24.87 -110 8.52 5785.00 
32 24.68 -110 9.34 5573.00 
32 24.62 -110 10.28 5323.00 
32 24.21 -110 10.37 5455.00 
32 23.84 -110 9.91 5521.00 
32 23.42 -110 8.94 5768.00 
32 23.06 -110 8.24 5975.00 
32 23.48 -110 8.51 5700.00  
32 24.33 -110 9.63 5235.00 
32 38.15 -110 12.03 4980.00 
32 38.90 -110 12.85 5532.00 
32 39.41 -110 12.90 5415.00 
32 39.72 -110 13.56 5078.00 
32 39.23 -110 13.84 4800.00 
32 38.14 -110 12.95 4860.00 
32 37.05 -110 13.06 4814.00 
32 37.22 -110 13.81 4890.00  
32 38.03 -110 13.82 4905.00  
32 37.56 -110 14.32 4955.00 
32 38.10 -110 11.49 4642.00 
32 20.36 -110 12.03 4398.00  
32 20 .99  -110 11.68 4494.00 
32 21.46 -110 11.60 4562.00 
32 2 2 .09  -110 10.96 4682 .00  
32 22.45 -110 10.64 4765.00 
32 22.10 -110 9.92 4975.00 
32 21.51 -110 9.20 5145.00 
32 21.34 -110 8 .4 4  5300.00 
32 20.75 -110 9.61 4881.00 
32 21.24 -110 10.34 4920.00 
32 16 .57-110  10.93 4638.00  
32 39.00 -110 10.41 4145.00 
32 38.53 -110 10.82 4310.00 
32 38.02 -110 9.34 4236.00 
32 37.59 -110 9.82 4272.00 
32 38 .0 6  -110 7.97 4358.00 
32 33.02 -110 10.72 4699 .00  
32 31.71 -110 11.74 4749 .00  
32 30.84 -110 11.74 4868 .00  
32 31.71 -110 10.71 4785.00

979097.22
979101.10
979081.72 
979069.62 
979046.43  
979042.93 
979036.19 
979060.46
979039.07 
979041.75
979004.49 
979015.87
979033.08
979024.73
979019.07
979003.14
978989.49
979009.22
979038.83  
979075.98
979037.60
979046 .10  
979072.72 
979090.68
979087.53 
979083.65
979079.61  
979082.39  
979077.32 
979096.48  
979077.60
979071.15 
979067.28
979062.14 
979059.01
979046.53
979036.83
979027.62
979049.03
979046.53
979061.53
979130.15
979121.03 
979123.85 
979123.41
979114.23
979092.54 
979084.36  
979074.93
979084.08

979509.73
979510.71
979510.20
979510.29 
979510.55 
979510.64 
979511.09 
979520.70 
979518.46
979519.45
979517.27 
979517.00 
979516.92
979516.36
979515.86
979515.29 
979514.80
979515.37 
979516.52  
979535.39
979536.41
979537.12
979537.54
979536.87
979535.38 
979533.89
979534.12 
979535.23
979534.59
979535 .32
979511.12 
979511.98
979512.62
979513.48 
979513.97
979513.49  
979512.69
979512.45  
979511.65
979512.32 
979505.96
979536.55  
979535.91  
979535.21
979534.62
979535.27
979528.38
979526.59
979525.41
979526.59

1.26 -143.35 -1 .30 0.00 -17.24
0.83 -143.93 -1.30 0.00 -12.73
0.74 -148.81 -1.32 0.00 -18.16
0.96 -154.20 -1.35 0.00 -15.50
1.78 -165.25 -1.39 0.00 -8.48
1.82 -168.08 -1.40 0.00 -4.27
1.63 -174.97 -1.43 0.00 7.52
2.15 -168.83 -1.40 0.00 5.27
2.75 -179.74 -1.44 0.00 16.20
2.82 -178.35 -1.44 0.00 14.04
3.69 -197.31 -1.48 0.00 31.22
2.91 -190.08 -1.47 0.00 22.94
2.13 -181.55 -1.45 0.00 16.73
3.24 -186.05 -1.46 0.00 21.35
2.85 -188.31 -1.46 0.00 22.39
3.38 -196.73 -1.48 0.00 30.25
4.31 -203.79 -1.49 0.00 36.55
2.59 -194.41 -1.48 0.00 29.86
2.27 -178.55 -1.44 0.00 14.60
1.80 -169.85 -1.41 0.00 8.91
8.39 -186.68 -1.46 0.00 21.40
6.20 -184.69 -1.45 0.00 18.20
3.84 -173.20 -1 .42 0.00 12.72
1.77 -163.71 -1.39 0.00 5.21
1.33 -165.76 -1.39 0.00 9.20
1.23 -164.19 -1.39 0.00 2.48
1.74 -166.78 -1 .40 0.00 5.35
1.45 -167.30 -1 .40 0.00 8.44
2.08 -169.00 -1.41 0.00 8.71
2.90 -158.33 -1.36 0.00 -0 .30
0.97 -150.00 -1 .33 0.00 -19.90
1.41 -153.28 -1.34 0.00 -18.19
1.47 -155.60 -1 .35 0.00 -16.31
1.63 -159.69 -1 .37 0.00 -11.02
1.47 -162.52 -1 .38 0.00 -6.85
1.80 -169.68 -1.41 0.00 0.89
2.14 -175.48 -1.43 0.00 7.98
2.20 -180.77 -1.44 0.00 13.57
1.40 -166.48 -1 .40 0.00 -3 .60
1.73 -167.81 -1.40 0.00 -3 .10
0.62 -158.19 -1.36 0.00 -8 .25
1.15 -141.37 -1.29 0.00 -16.58
1.25 -147.00 -1.31 0.00 -9.55
0.96 -144.48 -1 .30 0.00 -12.98
1.28 -145.71 -1 .31 0.00 -9.46
0.89 -148.64 -1 .32 0.00 -11.19
0.74 -160.27 -1.37 0.00 6.06
0.96 -161.97 -1.38 0.00 4.37
1.01 -166.03 -1.39 0.00 7.32
0.82 -163.20 -1.38 0.00 7.48

-160.63 -147.74 
-157.13 -144.15 
-167.55 -154.12 
-170.08 -156.19 
-173.34 -158.52 
-171.93 -156.86 
-167.24 -151.53 
-162.81 -147.71  
-162.24 -1 4 6 .2 0  
-162.92 -147.02 
-163.88 -146.34 
-165.70 -148.74 
-164.14 -147.88 
-162.93 -1 4 6 .3 6  
-164.53 -147.72 
-164.58 -147.07 
-164.42 -146.36 
-163.44 -1 4 6 .0 6  
-163.12 -147.14 
-160.55 -145.32 
-160.35 -144.02 
-161.74 -145.57 
-1 5 8 .0 6  -142.71  
-158.12 -143.43 
-156.63 -141.72 
-161.87 -147.10 
-161.09 -146.13 
-158.81 -143.77 
-159.62 -144.49 
-157.09 -142.99 
-170.27 -156.75 
-171.40 -157.63  
-171.79 -157.81 
-170.45 -156.12 
-169.28 -1 5 4 .6 8  
-168.40 -153.18 
-166.79 -1 5 1 .0 8  
-166.44 -150.26 
-170.07 -155.11 
-170.58 -155.53 
-167.19 -152.90 
-1 5 8 .0 9  -145.37 
-156.61 -143.39 
-157.80 -144.78 
-155.19 -1 4 2 .0 9  
-160.26 -146.86 
-154.84 -140.37 
-158.02 -143.42 
-159.10 -144.14 
-156.29 -141.57 126



"galreg :GM490 
(galreg sGM491 
;galreg :GM492 
galreg :GM93 
galreg :GM494 
galreg :GM49S galreg :GM496 
galreg :GM497 
galreg :GM498 
galreg :GM499 
galreg :0600 
galreg :Gf601 
galreg :Gt602 
galreg :GM503 
galreg :Gh604 
galreg :Gf605 
galreg :Gf606 
galreg :CMS07 
galreg :G7608 
galreg :CMS09 
galreg sGf610 
galreg :Gf611 
galreg iGM512 
galreg sG7613 
galreg iGf614 
galreg ;Gf615 
galreg :Gf616 
galreg 10617 
galreg 10618 
galreg :G7619 
galreg :O620 
galreg :Gf622 galreg $0623 
galreg i0624 
galreg t0625 
galreg :0626 
galreg :0621 
galreg iG7627 
galreg :C1628 
galreg sGM529 
galreg :Gf631 
galreg :GI632 
galreg :0633 
galreg iGf634 
galreg 10635 
galreg iGM536 
galreg 10637 
galreg iGf638 
galreg :0639 galreg iGf640 
galreg 10641 
galreg 10642 
galreg 10643

32 29.62 -11U 10.98 4755.00 
32 28.98 -110 11.25 4831.00 
32 29.01 -110 1 0.24 4860.00 
32 26.16 -110 11.44 5346.00 
32 25.89 -110 12.31 5140.00 
32 25.39 -110 12.08 5460.00 
32 24.59 -110 12.48 4690.00 
32 25.33 -110 9.13 5567.00 
32 24.24 -110 10.92 5355.00 
32 24.13 -110 11.82 5215.00 
32 24.03 -110 12.95 4465.00 
32 31.17 -110 12.78 4872.00 
32 31.22 -110 13.38 4898.00 
32 31.72 -110 7.62 4588.00 
32 41.32 -110 16.48 4662.00 
32 25.67 -110 27.78 2945.00 
32 25.73 -110 26.84 3006.00 
32 25.69 -110 24.63 3155.00 
32 25.86 -110 23.29 3260.00 
32 25.94 -110 22.87 3360.00 
32 25.70 -110 25.72 3100.00 
32 24.92 -110 27.44 3030.00 
32 39.23 -110 21.55 4930.00 
32 38.12 -110 22.43 6320.00 
32 38.56 -110 23.68 6420.00 
32 39.08 -110 24.08 6705.00 
32 39.65 -110 25.02 7020.00 
32 39.97 -110 21.75 4832.00 
32 40.73 -110 21.64 4763.00 
32 40.67 -110 22.45 4995.00 
32 38.75 -110 21.50 4997.00 
32 36.69 -110 20.93 5280.00 
32 36.36 -110 19.95 5478.00 
32 37.30 -110 20.45 5440.00 
32 37.37 -110 19.91 5290.00 
32 37.52 -110 21.12 5140.00 
32 37.99 -110 21.29 5077.00 
32 38.26 -110 20.37 5440.00 
32 38.26 -110 19.61 6075.00 
32 39.26 -110 20.68 5495.00 
32 34.03 -110 20.06 5277.00 
32 33.16 -110 20.26 4972.00 
32 32.78 -110 19.29 4975.00 
32 33.49 -110 19.02 5730.00 
32 33.12 -110 18.75 5210.00 
32 39.73 -110 20.74 5940.00 
32 39.48 -110 19.08 6032.00 
32 39.71 -110 18.85 5880.00 
32 39.82 -110 17.83 5230.00 
32 39.93 -110 17.15 5030.00 
32 32.37 -110 28.39 2958.00 
32 31.86 -110 29.63 2735.00 
32 31.37 -110 29.62 2730.00

979082.78
979073.97
979075.73 
979030.40 
979046.56 
979024.22
979070.79
979019.39 
979029.44 
979034.36
979082.32
979072.86
979069.86 
979099.65
979090.64 
979193.28 
979185.55
979172.07 
979175.62
979172.39
979175.86 
979186.01
979080.79
978982.35
978978.85
978958.86
978939.32
979087.47
979094.25
979080.80 
979074.92 
979058.30 
979044.11
979049.07
979061.80 
979064.90 
979068.60
979053.98 
979011.10 
979049.03
979057.26
979074.35 
979073.96 
979035.24
979060.47 
979019.76
979018.40
979024.73
979067.00
979078.65 
979200.43 
979212.17
979212.00

979523.74
979522.87
979522.91
979519.02
979518.65 
979517.97
979516.88
979517.89 
979516.41 
979516.25
979516.12 
979525.85
979525.92
979526.60 
979539.73
979518.35
979518.44
979518.38
979518.61 
979518.72
979518.39
979517.33
979536.87
979535.35
979535.95
979536.66
979537.45
979537.88
979538.92 
979538.84
979536.21
979533.40
979532.95 
979534.23
979534.33
979534.53 
979535.17
979535.54
979535.54 
979536.91 
979529.76 
979528.57 
979528.05
979529.02
979528.52
979537.55
979537.21
979537.52
979537.67 
979537.83 
979527.49 
979526.80
979526.12

1.08 -162.18 -1.38 0.00
1.56 -164.77 -1.39 0.00
1.32 -165.76 -1.39 0.00
1.51 -182.34 -1.45 0.00
1.85 -175.31 -1.43 0.00
5.12 -186.22 -1.46 0.00
2.46 -159.96 -1.37 0.00
2.54 -189.87 -1.47 0.00
2.62 -182.64 -1.45 0.00
3.51 -177.87 -1.43 0.00
2.64 -152.29 -1.34 0.00
1.32 -166.17 -1 .40 0.00
1.87 -167.06 -1 .40 0.00
0.65 -156.46 -1.36 0.00
1.57 -165.83 -1.39 0.00
0.93 -100.45 -1 .03 0.00
2.10 -102.53 -1 .04 0.00
2.97 -107.61 -1 .08 0.00
3.19 -111.19 -1.11 0.00
4.78 -114.60 -1 .13 0.00
1.85 -105.73 -1.07 0.00
0.76 -103.34 -1 .05 0.00
5.00 -168.15 -1 .40 0.00
9.21 -215.56 -1.51 0.00

11.93 -218.97 -1.51 0.00
19.20 -228.69 -1 .52 0.00
26.50 -239.43 -1 .52 0.00
7.36 -164.81 -1 .39 0.00
5.21 -162.45 -1.38 0.00
7.79 -170.37 -1.41 0.00
5.41 -170.43 -1.41 0.00
5.34 -180.09 -1 .44 0.00
9.07 -186.84 -1.46 0.00
5.30 -185.54 -1.46 0.00

11.37 -180.43 -1.44 0.00
5.58 -175.31 -1 .43 0.00
5.97 -173.16 -1 .42 0.00
5.79 -185.54 -1.46 0.00
7.95 -207.20 -1 .50 0.00
5.10 -187.42 -1.46 0.00
7.13 -179.98 -1 .44 0.00
4.71 -169.58 -1.41 0.00
3.75 -169.68 -1.41 0.00
7.73 -195.43 -1 .48 0.00
4.38 -177.70 -1.43 0.00
6.51 -202.60 -1 .49 0.00
6.49 -205.73 -1 .50 0.00
6.03 -200.55 -1.49 0.00
4.01 -178.38 -1.44 0.00
4.13 -171.56 -1.41 0.00
1.12 -100.89 -1 .03 0.00
1.25 -93.28 -0 .97 0.00
1.26 -93.11 -0.97 0.00

6.21 -156.27 -141.66 
5.42 -159.18 -144.39 
9.86 -155.97 -141.06 

14.11 -168.17 -151.78
11.28 -163.61 -147.89 
19.70 -162.87 -146.46 
-5 .03 -163.90 -149.62 
25.01 -163.80 -146.82 
16.61 -164.86 -148.55
8.53 -167.27 -151.47 

-13.89 -164.87 -151.30
5.18 -161.07 -146.12 
4.55 -162.03 -147.06 
4.52 -152.67 -138.54 
8.14 -157.51 -142.62 

-48.08 -148.62 -139.59 
-50.16 -151.63 -142.51 
-49.57 -155.29 -145.79 
-36.38 -145.49 -135.68 
-30.31 -141.26 -131.29 
-50.96 -155.91 -146.48 
-46.34 -149.97 -140.66

7.54 -157.01 -142.21
41.28 -166.58 -147.89 
46.58 -161.97 -143.23 
52.66 -158.34 -139.38 
61.95 -152.50 -133.23

4.00 -154.84 -140.56 
3.25 -155.37 -141.11 

11.69 -152.29 -137.55  
8.63 -157.80 -142.84 

21.42 -154.76 -138.93 
26.30 -152.93 -136.82 
26.41 -155.29 -138.96 
24.93 -145.57 -130.24
13.73 -157.43 -142.04 
10.87 -157.74 -142.58 
30.00 -151.21 -134.92  
46.82 -153.93 -135.89 
28.86 -154.92 -138.40
23.74 -150.55 -134.88 
13.35 -152.92 -137.98
13.76 -153.58 -138.54 
45.04 -144.14 -127.13  
21.90 -152.85 -137.15
40.77 -156.61 -139.05 
48.40 -152.34 -134.30  
40.13 -155.88 -138.26 
21.15 -154.65 -138.85 
13.84 -155.00 -139.82

-48.85 -149.65 -140.59 
-57.38 -150.39 -142.03  
-57.35 -150.18 -141.83
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:galreg sGM544 
:galreg :Gf645 
galreg :GM546 
gal reg :Gf647 galreg :Gto48 
galreg :Gf649 
galreg :Gf650 
gal reg sGf651 
galreg :Gf652 
galreg :Gf653 
galreg :GM554 
galreg :GF645 
galreg :Gf661 
galreg :GP662 
galreg :GK563 galreg :Gf664 
galreg :G#G65 
galreg :Gf666 
galreg :KS1 
galreg :KS2 galreg :KS3 
galreg :KS4 
galreg :KS5 
galreg :KS6 
galreg :KS7 
galreg :KS8 
galreg :KS9 
galreg jKSIO 
galreg :KSll 
galreg :KS12 galreg :KS13 
galreg :KS14A 
galreg 1KS14B 
galreg :FS15 galreg tKSl6 
galreg :KS17 
galreg sKS!8 
galreg :KS19 
galreg zICS20 
galreg :KS21 
galreg :KS22 
galreg :KS23 
galreg :KS24 
galreg :KS25 
galreg ;FS28 
galreg zKS27 
galreg :FS29 
galreg zFS30 
galreg :KS31 
galreg :FS33 
galreg iKS32 
galreg iFS34

32 30.17 -110 29.15 2755.00 979209.35 979524.49
32 32.44 -110 22.21 4557.00 979094.60 979527.59
32 35.25 -110 21.57 4910.00 979072.72 979531.43
32 35.02 -110 21.23 5055.00 979064.50 979531.11
32 34.96 -110 20.47 5290.00 979057.28 979531.03
32 34.42 -110 20.30 5896.00 979019.55 979530.29
32 34.55 -110 19.66 6544.00 978968.81 979530.47
32 34.20 -110 20.95 6872.00 978935.78 979529.99
32 33.85 -110 21.28 6660.00 978950.53 979529.52
32 33.34 -110 21.67 6774.00 978935.04 979528.82
32 32.83 -110 21.37 6020.00 978997.96 979528.12
32 32.44 -110 22.21 4557.00 979093.58 979527.59
32 35.07 -110 16.32 6120.00 9 978999.41 979531.18
32 35.07 -110 16.90 7100.00 9 978930.65 979531.18
32 34.24 -110 16.70 6900.00 9 978942.28 979530.05
32 34.57 -110 16.77 6750.00 9 978957.37 979530.50
32 35.04 -110 16.90 7110.00 9 978927.15 979531.14
32 35.34 -110 16.67 6760.00 9 978957.50 979531.55
32 45.20 -110 18.88 4486.00 979106.11 979545.04
32 44.71 -110 18.94 4618.00 979100.66 979544.37
32 44.34 -110 19.06 4716.00 979093.92 979543.87
32 44.02 -110 19.10 4776.00 979091.57 979543.42
32 43.21 -110 19.55 4770.00 979103.03 979542.31
32 42.45 -110 19.47 4897.00 979094.55 979541.27
32 42.57 -110 19.89 4787.00 979103.32 979541.44
32 42.21 -110 20.52 5149.00 979080.36 979540.95
32 41.69 -110 21.05 4600.00 979106.58 979540.23
32 41.31 -110 21.69 4700.00 979101.22 979539.71
32 41.56 -110 22.12 4800.00 979097.03 979540.05
32 41.78 -110 25.57 6030.00 979021.11 979540.36
32 41.75 -110 23.96 5300.00 979069.83 979540.32
32 41.54 -110 23.06 5000.00 979085.90 979540.03
32 42.59 -110 12.65 4118.00 979140.53 979541.47
32 41.73 -110 13.85 4462.00 979113.40 979540.29
32 41.49 -110 14.85 4723.00 979097.74 979539.96
32 40.45 -110 16.74 4991.00 979082.28 979538.54
32 40.16 -110 16.50 4902.00 979087.85 979538.14
32 39.02 -110 15.98 5058.00 979075.03 979536.58
32 38.28 -110 15.73 5710.00 979030.14 979535.57
32 37.76 -110 15.67 5260.00 979059.67 979534.86
32 37.21 -110 16.08 5244.00 979060.28 979534.11
32 36.92 -110 16.88 5670.00 979039.55 979533.71
32 36.78 -110 17.69 7086.00 978936.16 979533.52
32 37.39 -110 18.06 6620.00 978973.48 979534.35
32 38.15 -110 18.32 7549.00 978902.60 979535.39
32 38.19 -110 18.60 7250.00 978930.81 979535.45
32 38.82 -110 18.53 5990.00 979020.39 979536.30
32 39.64 -110 16.81 5035.00 979078.81 979537.43
32 49.79 -110 20.69 3509.00 979179.26 979551.34
32 48.73 -110 22.02 3654.00 979165.12 979549.88
32 49.23 -110 21.51 3591.00 979170.25 979550.57
32 47.46 -110 22.61 3787.00 979159.51 979548.14

1.11 -93.97 -0.98
4.81 -155.43 -1.35 
6.27 -167.47 -1.40
5.90 -172.41 -1.426.23 -180.43 -1.44
4.86 -201.10 -1.49 
13.45 -223.20 -1.51
22.33 -234.38 -1.52 
17.36 -227.15 -1.52
26.34 -231.04 -1.52
9.91 -205.32 -1.50
4.81 -155.43 -1.35 
8.15 -208.74 -1.50
13.04 -242.16 -1.51 
13.40 -235.34 -1.52
9.30 -230.22 -1.52 
12.97 -242.50 -1.51
9.68 -230.56 -1.52 
3.66 -153.00 -1.34
2.87 -157.51 -1.36 
3.65 -160.85 -1.374.03 -162.90 -1.38
1.88 -162.69 -1.38 
3.49 -167.02 -1.40 
2.13 -163.27 -1.38 
2.52 -175.62 -1.43 
8.07 -156.89 -1.36 
5.43 -160.30 -1.37
5.04 -163.71 -1.39 
8.87 -205.67 -1.50
5.47 -180.77 -1.44
5.23 -170.54 -1.41 
0.98 -140.45 -1.28 
1.06 -152.19 -1.34 
1.73 -161.09 -1.38 
1.97 -170.23 -1.41
2.30 -167.19 -1.40
4.48 -172.51 -1.42
5.49 -194.75 -1.48 
4.35 -179.40 -1.44 
6.20 -178.86 -1.44
6.37 -193.39 -1.48 
13.17 -241.68 -1.51
7.37 -225.79 -1.52 
21.12 -257.47 -1.50 
15.01 -247.28 -1.51 
11.81 -204.30 -1.50
3.85 -171.73 -1.41 
1.59 -119.68 -1.16 
2.18 -124.63 -1.19
1.81 -122.48 -1.18 
2.75 -129.16 -1.22

0.00 -56.02
0.00 -4.43
0.00 3.03
0.00 8.760.00 23.72
0.00 43.69
0.00 53.68
0.00 51.95
0.00 47.25
0.00 43.17
0.00 35.93
0.00 -5.45
0.00 43.71
0.00 67.06
0.00 61.03
0.00 61.56
0.00 64.54
0.00 61.59
0.00 -15.05
0.00 -9.42
0.00 -6.44
0.00 -2.71
0.00 9.30
0.00 13.79
0.00 12.06
0.00 23.62
0.00 -1.06
0.00 3.51
0.00 8.38
0.00 47.77
0.00 27.91
0.00 16.07
0.00 -13.65
0.00 -7.27
0.00 1.94
0.00 13.10
0.00 10.70
0.00 14.11
0.00 31.52
0.00 19.46
0.00 19.31
0.00 39.02
0.00 68.91
0.00 61.60
0.00 76.99
0.00 77.05
0.00 47.35
0.00 14.88
0.00 -42.06
0.00 -41.11
0.00 -42.59
0.00 -32.47

-149.85 -141.42 
-156.39 -142.73 
-159.56 -144.95 
-159.16 -144.07 -151.92 -136.14 
-154.04 -136.27 
-157.58 -138.59 
-161.62 -142.42 
-164.06 -145.06 
-163.05 -144.51 
-160.98 -143.28 
-157.42 -143.76 
-158.38 -140.21 
-163.58 -142.85 
-162.43 -142.34 
-160.88 -140.88 
-166.51 -145.74 
-160.81 -140.82 
-165.73 -152.19 
-165.42 -151.40 
-165.02 -150.76 
-162.96 -148.55 
-152.89 -138.31 
-151.14 -136.31 
-150.46 -135.85 
-150.90 -135.21 
-151.24 -137.74 -152.74 -138.69 
-151.68 -137.30 
-150.52 -132.70 
-148.83 -132.94 
-150.65 -135.66 
-154.41 -141.76 -159.73 -146.02 
-158.79 -144.34 
-156.57 -141.32 
-155.59 -140.64 
-155.34 -140.11 
-159.22 -142.08 
-157.04 -141.17 
-154.78 -139.13 
-149.47 -132.53 
-161.11 -140.44 
-158.33 -138.56 
-160.86 -139.48 
-156.72 -135.71 
-146.64 -129.20 
-154.42 -139.20 
-161.31 -150.59 
-164.75 -153.64 
-164.44 -153.48 
-160.10 -148.63

H
to00
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APPENDIX D: ANOMALOUS MASS AND GEOHYDROLOGY CALCULATIONS

ANOMALOUS MASS CALCULATIONS - example: Galiuro Gravity Low

Parameters:

Js/2 g„ds = integrand in Gal-km2 
M = total anomalous mass of area in grams 
V = volume in cm3 
A = area in cm2 
H = depth in meters
ctu = density contrast between geologic unit and bedrock

fJ S /2  9ndS -
-7.00 • 10"1 = -7.00 • 10"1 km2cm/sec2 = -7.00 • 10'1 

Js/2 9nds = -27TGM

dvne-km2
9

dvne-km2 dvne-cm2
-7.00 • 10*1 g = (-4.19 • 10'7 g2 )M

km2-q
M = 1,670,693.42 cm2 where: (1 cm2 = 10*10 km2)

M = 1.67 • 1016 g
If q, = 0.11 q/cm3 is known:

M
V = ctu

V = 6.96 . 1016cm3 for A = 8.00 • 10u cm2
H = 87,000 cm = 870 m (2,852 ft)



If H = 1.830 m (6.000 is known;
1,830 m = 183,000 cm 

A • H = V = 8 • 10u cm2 . 183,000 cm 
V = 1.46 • 1017cm3

au = V
ctu = 0.11 g/cm3

GEOHYDROLOGY CALCULATIONS 

Parameters;
M = total anomalous mass 
Mj = unsaturated portion 
M2 = saturated portion
ol = density contrast of unsaturated portion
a2 = density contrast of saturated portion
ctw = density of water
Vj = volume of unsaturated portion
V2 = volume of saturated portion
V, = volume of groundwater available from storage
Vw = total volume of water
S = area
h = depth to water table 
SC = storage coefficient
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0 = porosity

M =  Mj +  M2

Since: M = aV

Mj = ax h S where: h • S = V1
Hj = M - aj h S

M2 - °2 V2

Volume of Saturated Rock:

M - Cm h S
v2 = °i

If depth-to-water = 762.5 M (2500'):
(762.5 m = 76,250 cm) (A = 8.0 • 10n )
8.0 • 10n cm2 + 76,250 cm = 6.1 • 1016cm3
M2 = 0.15 g/cm3 • 6.1 • 1016 cm3 = 9.15 . 1015 g

M - M2 = Mj

1.67 • 1016 g - 9.15 • 1015 g = 7.55 • 1015 g 
_M:_ 7.55 . 1015 a

V1 = a1 = 0.11 g/cm3 = 6.86 • 1016cm3

Vj = 6.87 . 1014 m3 (5.57 • 1011 acre-ft) .
6.86 . 1016cm3

H = 8.0 • 10n cm = 85,795 cm = 857.95 m (2,814 ft)

Calculation of Storage Coefficients:

Using Lohman's expression for saturated thicknesses of 
2,800 ft (854 m) and 3500 ft (1067.5 m) yields the following 
storage coefficients:
If H = 854 m (2800 ft):
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S = 3 • IQ'* (854 m) = 2.562 • 10'*
If H = 1068 m (3500 ft):

S = 3 • 10"8 (1067.5m) = 3.2 • 10'*

Volume of Groundwater Available from Storage:

V, = V1 • SC
If H = 854 m (2800 ft):

(6.87 . 1014 ms).(2.56 • 10'*) = 1.76 • 1010 ms
(14.26 mil acre-ft)

If H = 1,068 m (3500 ft):

(6.87 • 1014 m3)* (3.20 • 10'*) = 2.20 • 1010 m3
(17.81 mil acre-ft)

Total Volume of Water:

<b
Vw = 100 • Vj

If 0 of rhyolite units = 7 %  (average estimate)

Vw = 100 • 6.87 . 1014 m3

Vw = 4.81 • 1013 m3 (3.90 • 1010 acre-ft).
If <f> of rhyolite units = 15% (high estimate)

15
Vw = 100 • 6.87 • 1014 m3

Vw = 1.03 • 1014 m3 (8.35 . 1010 acre-ft).
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FIGURE 18: GRAVITY PROFILE & TWO-DIMENSIONAL MODEL OF THE GALIURO MOUNTAINS -
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