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ABSTRACT
The Arivaca region extends northwest and west of Nogales, in the Basin and
Range province of southern Arizona. Complex Phanerozoic sedimentary, volcanic, and
plutonic rocks reflect several plate tectonic deformation episodes that deformed the region.
Extensive volcanic exposures reflect the significant, widespread, igneous activity.
A regional geophysical reconnaissance of southern Arizona revealed aeromagnetic
anomalies indicating an unexposed intrusion or caldera. This project was initiated to
determine the presence and extent of the feature. Aeromagnetic contour maps were
examined, followed by geologic maps, a digital, optical satellite image, and a side-looking
radar mosaic of the area.
Aeromagnetic data show two areas bounded by steep anomaly gradients indicating
the presence of unexposed plutons or calderas.

Those areas coincide with areas of

mapped faults similar in pattern to faults over known domes or calderas in other areas.
One of these areas having the corresponding aeromagnetic and fault patterns lies south
and southwest of Cobre Ridge. The other area, in the north-central part of the district,
is the region of the Cerro Colorado Mountains. Fault patterns like those above domes or
calderas are found elsewhere in the project area, and generally appear to be middle
Tertiary.
The Thematic Mapper image was processed for spectral analysis but revealed no
domal or caldera fault patterns. The image, showing relative amounts of clays and iron
oxides (weathering products of possible hydrothermal alteration) shows two distinct,
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sinistral, strike-slip faults, striking N. 7° E.; displacements are 5 km and 3.5 km. Block
restoration to pre-displacement configurations reveals a large, arcuate, northwesterly
opening, spectral anomaly, suggesting caldera association. The faults are unrecognizable
on the side-looking radar mosaic, but block restoration along the fault traces reveals
geomorphologic concordance and displacement magnitudes similar to amounts estimated
from the satellite image. The arcuate anomaly is clearly visible on the fault-restored radar
mosaic.
Cross-cutting and overlap relationships indicate a Jurassic fault displacement. If
the arcuate pattern of spectral anomalies offset by the two faults represents influence by
hydrothermal alteration, a Jurassic hydrothermal event preceded the Laramide
mineralization episode.
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CHAPTER 1
INTRODUCTION
A. Project Setting
The Arivaca region lies in the Basin and Range province of southern Arizona
along the international border with Mexico. Within the area is a complex sequence of
Phanerozoic sedimentary, volcanic, and intrusive rocks that reflect the tectonic history of
this portion of Arizona, particularly in Mesozoic and Cenozoic time. This region is
believed to have been affected by several intervals of convergent plate tectonic
deformation in Phanerozoic time, producing a variety of structural styles as a result of the
complex margin interactions. This project examines an area within that region that has
an intricate deformational history resulting from diverse plate tectonic environments
throughout that time.
The dominant rock units of the Arivaca region are Mesozoic through Cenozoic
volcanic, volcaniclastic, and dominantly clastic sedimentary units that are faulted, jointed,
and intruded by plutons and numerous metalliferous veins. The Jurassic, Cretaceous, and
Tertiary igneous rocks are chiefly silicic and consist of volcanic rocks with limited
exposures of silicic intrusions. The wide-ranging outcrops of extrusive rocks in the area
indicate either regional sources of volcanic rocks or the presence of at least one
unmapped caldera, volcano, and/or dome intrusion.
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The project encompasses an area of approximately 1,800 km2 (700 mi2) in the
Basin and Range province of southern Arizona, adjacent to the international border
(Figure 1). The region is south of the Sierrita Mountains between Altar Valley to the
west and the Santa Cruz River valley to the east (Figure 2). Major terrain features in the
project area include the Cerro Colorado Mountains, Las Guijas Mountains, San Luis
Mountains, Tumacacori Mountains, and the Atascosa Mountains. The terrain contains
extensive, rolling, chaparral-covered hills, broken by rugged, high, forested mountains that
have altitudes in excess of 1,800 m (6,000 ft).
B. Objective
The research incorporates previous mapping plus new information derived from
various data sources. New data include digital satellite images in the visible, nearinfrared, and mid-infrared portions of the spectrum, plus a subset of a digitized, syntheticaperture, side-looking airborne radar mosaic.

The goals of this investigation are to

combine the existing geological and geophysical data with new evidence and
interpretations to determine the presence of the hypothesized intrusions or calderas and
to identify other significant features that might lie undiscovered in the project area.
Evidence pertinent to the question of a caldera can be gathered from a diversity of data,
including existing maps and reports, aeromagnetic-anomaly data, new satellite- and radarimage analyses.
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Figure 1. Location of project area, southern Arizona.
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Figure 2. Physiography of the Arivaca project area.
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C. Project Background
Mesozoic deposits include Triassic, marine, platform strata across the state.
Extensive volcanism commenced in the south during Jurassic time. Several workers,
including Lipman and Hagstrum (1992), Riggs (1985, 1987), and Riggs and Busby-Spera
(1987,1990, 1991) have investigated the Jurassic volcanic sequence of the region around
Arivaca with attention to the stratigraphy and sources of volcanic units, and those workers
conclude that numerous source regions or calderas can be surmised throughout the region
of south-central Arizona. The Jurassic Period in this area was a time of notably complex
volcanic and tectonic activity related to evolving systems of continental-margin
convergence. Southern Arizona contains a vast sequence of Jurassic and younger volcanic
centers or "calderas" (Lipman and Hagstrum, 1992).
The Jurassic volcanism was followed in Early-Cretaceous time by back-arc crustal
extension and finally by the Laramide Orogeny late in the Cretaceous and early in the
Tertiary Periods. The Laramide was a time of plate convergence with associated plutonic
intrusions, including numerous copper-bearing porphyries (Dickinson, 1989) that are of
substantial economic importance. Extensional deformation and related magmatic and
volcanic activity followed the Laramide Orogeny, largely during mid-Tertiary (about 37
to 15 Ma) time (Dickinson, 1989). Evidence of all these tectonic episodes is preserved
in the rocks, and analysis of the district requires that the deformation events of interest
be distinguished from the overprinting effects of other tectonic episodes, including the
rejuvenation of pre-existing structures.
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The widespread distribution of Tertiary and Quaternary volcanic rocks and
volcanic-derived sedimentary units demonstrates the repeated significance of volcanic
activity during Cenozoic time. The geologic map of the region (Plate I) illustrates the
extensive outcrops of volcanic rocks in the region.
The general mineral resource potential and geologic setting is addressed by Jones
and others (1987) and by Peterson and others (1990) as part of a regional assessment by
the U. S. Geological Survey of the Coronado National Forest. Much of the previous work
in this district concerns the diverse mineral resources, principally gold, silver, and
tungsten. The present effort builds upon the work of the assessment project.
Geophysicists of the U. S. Geological Survey’s Tucson Field Office who
performed the geophysical investigations of the Coronado National Forest mineral
resource assessment noted anomalies on aeromagnetic profile lines, in combination with
gravity and other geological evidence, that suggested that several previously unidentified
calderas or intrusions may lie subsurface near the international border (M. W. Bultman
and M. E. Gettings, U. S. Geological Survey, personal communication), based on the
contrast in magnetic susceptibility between igneous rocks at depth and the surrounding
Paleozoic and Mesozoic sedimentary and silicic volcanic rocks in the southern part of the
project area. The recognition of these anomalies is the basis of this project to determine
the presence and extent of those and other possibly related features. This study builds
upon that foundation, and the goal is to determine if those suspected, subsurface, calderas
or unexposed intrusions are present.
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A caldera is defined as a cauldron-shaped depression of volcanic origin, that may
be of round or polygonal form (Dennis, 1967). Walker (1984) further describes a caldera
as being larger than a crater and caused by subsidence. The intrusion that produces a
caldera may uplift or dome the surrounding rocks, so attention is given to finding
evidence of both calderas or doming in the geophysical and geologic data. Large calderas
or intrusions would have profoundly influenced the structural evolution of the region,
possibly including the emplacement of ore deposits.
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CHAPTER 2
PROJECT AREA

A. Tectonic History
The oldest rocks in the region are lower Proterozoic Pinal Schist, which consists
of greenschist- and amphibolite-grade, metamorphosed, sedimentary and volcanic rocks,
as well as Proterozoic granites and granodiorites of 1.65 Ga and 1.45-1.40 Ga age
(Peterson and others, 1990).

Emplacement of these granitic intrusions in southern

Arizona was followed by an erosion interval and subsequent deposition of the Apache
Group about 1.2 Ga. A hiatus followed deposition of the Apache Group, and the next
rocks present in the region are Cambrian in age. Middle and upper Paleozoic platform
sedimentary rocks are widely exposed in the mountains ranges of southern Arizona. The
stratigraphic sequence of rocks exposed within the project area is described in the
geologic map and is summarized here.
Southern Arizona has had at least five episodes of tectonic deformation, including
events in Precambrian, early to middle Mesozoic, late Mesozoic and early Cenozoic
Cordilleran orogeny (Laramide), and late Cenozoic (Drewes, 1981) times.
The great diversity of rock types in this area reflects the complex tectonic history
of the region. The units of the Pinal Schist demonstrate that a sequence of sedimentary
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and volcanic strata were deformed and metamorphosed in at least one Proterozoic
deformation event.

Two ensuing stages of Proterozoic granitic intrusions show

subsequent erogenic activity at 1.65 and 1.45-1.40 Ga.

Erosion and, much later,

deposition of the Apache Group reflect a stable, marine depositional environment in
Precambrian time.
Paleozoic seas transgressed and regressed across a broad, stable, shelf, beginning
in the Cambrian. This period of stable marine deposition ceased at the end of Paleozoic
time.
The Mesozoic and Cenozoic deformation events are of primary interest, especially
those of Jurassic and Laramide age, because of the extensive plate tectonic activity
through those times. Repetitive block faulting and emplacement of plutons occurred from
Triassic to Early Cretaceous time.

Titley (1976) describes evidence for a series of

northwest-striking faults or warps that affected upper Paleozoic rocks and the subsequent
deposition of Triassic and Jurassic formations. Late Jurassic or earliest Cretaceous block
faulting ensued, with the general strike to the northwest (Titley, 1976), and sinistral,
transcurrent movement seems to have occurred along some faults.
Granitic intrusions and metalliferous mineralization accompanied Laramide
compressional deformation (Drewes, 1981); the magmatism and porphyry copper
mineralization were related to low-angle subduction of the Pacific plate (Reynolds and
DeWitt, 1994). Extensional faulting produced the widespread Basin and Range terrane
from Middle Tertiary to Holocene time (Drewes, 1981).
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The Triassic geologic setting in Arizona was a continuation of the cratonic
depositional environment.

Strike-slip faulting began perhaps in Permian time and

continued into Triassic time, forming the edge of the craton in southwestern North
America (Tosdal and others, 1989).
Dickinson (1989) and Tosdal and others (1989) conclude that the arc-tectonic
setting began in Late Triassic or Early Jurassic time and the magmatic arc was well
developed by Middle Jurassic time, as reflected by the abundant volcanic and plutonic
rocks throughout the region. Asmerom and others (1990) also determine that this region
of the southern Cordillera was a continental-arc margin by Late Triassic time, based on
U-Th-Pb radiometric dates in the range of 200 ± 5 Ma and 188 ± 2 Ma, from zircons
collected in the Santa Rita Mountains. Basaltic to andesitic arc magmatism was followed
by erosion and rifting, which in turn was followed by Early to Middle Jurassic eruptions
of felsic tuffs and lavas (Asmerom and others, 1990).

Volcanism in the region of

southern Arizona continued until Late Jurassic time (approximately 150 Ma) then shifted
westward (Dickinson, 1989).
The Triassic and Jurassic unit shown on the geologic map (Plate I) is a package
of mixed volcanic rocks, ranging in composition from rhyolitic to andesitic, plus
sandstone, mudstone, conglomerate, rocks and redbeds. This complex sequence reflects
the change in tectonic environment from one of stable continental platform to one of
active collisional margin.
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Early to Middle Jurassic time was a period of profound change in the geologic
configuration of southern Arizona. The rocks of the Arivaca region record this transition
from cratonic deposition to widespread volcanic activity that produced thick sequences
of primarily silicic ash and lava flows, such as rhyodacitic, ash-flow tuffs (Tosdal and
others, 1989). This geologic environment reflects the northwesterly striking Early to
Middle Jurassic magmatic arc. The eruptions of large volumes of pyroclastic and other
volcanic rocks began in Early Jurassic time; the volcanic units locally are interbedded
with clastic sedimentary rocks, including local deposits of eolian sandstone.

The

explosive volcanic activity is estimated to have endured for approximately 35 million
years, until Middle or perhaps earliest Late Jurassic time (Tosdal and others, 1989).
Volcanic activity increased again in Middle(?) to Late Jurassic time, again yielding clastic
sedimentary rocks interbedded with the volcanic units.

Alkalinities of some of the

igneous rocks indicate syn-volcanic, intra-arc extension (Tosdal and others, 1989).
Magmatic and volcanic activity in the region abated in Late Jurassic time.
A belt of batholiths developed in California and Arizona during Jurassic and
Cretaceous time, and back-arc basins formed in Arizona. Subsidence, predominantly in
Early Cretaceous time occurred as a result of back-arc crustal extension (Dickinson, 1989)
which was expressed as widespread rifting throughout the region, related also to
deformation of the Gulf of California and the Bisbee basin. This is the environment in
which the Bisbee Group was deposited, and deposition of the Bisbee appears at least
locally to be continuous with Upper Jurassic volcanic and volcaniclastic rocks (Vedder,
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1984).

The marine parts of the Bisbee Group were deposited in a northwestward-

transgressing sea in Aptian and Albian time (Bilodeau, 1982).
The Juniper Hat Granite of Jurassic age (Creasey and Kistler, 1962; Marvin and
others, 1973) is related to the mineralization of the Warren mining district at Bisbee.
Titley (1982) notes that the Jurassic, thus, legitimately qualifies as metallogenic epoch.
A latest Jurassic or earliest Cretaceous period of block faulting preceded the
development of a regional southeastward-opening, elastic-filled, Cretaceous basin, the
edges of which are the loci of numerous Laramide porphyry copper deposits (Titley and
Anthony, 1989). The large volumes of Lower and Upper Jurassic volcanic rocks locally
are intruded by coeval granitic plutons (Titley, 1981).
The Early Cretaceous rifts were characterized by extension in the northeastsouthwest direction across northwesterly striking normal faults (Bilodeau, 1982). The
extensional regime formed a basin-and-range terrane, in which the Glance Conglomerate,
the basal formation of the Lower Cretaceous Bisbee Group, was deposited as alluvial
deposits shed from the uplifted areas. Bilodeau suggests several mechanisms as possible
explanations for the extensional environment, including (1) an aulacogen extending from
the Gulf of Mexico, (2) a segmented subducted slab having differential dips across the
segmentation, or (3) counter-clockwise rotation of North America relative to the
continental margin arc extant to the west, possibly in combination (Bilodeau, 1982). That
paper shows the generally northeast-southwest convergence direction across the margin
which during Early Cretaceous time lay southwest of Arizona.
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Riggs (1987) correlates folding in the Pajarito Mountains with the Middle- to LateCretaceous folding in the Oro Blanco district described by Knight (1970). The folds in
the region of Oro Blanco are an anticline and syncline that are open and plunging to the
southwest, plus a tightly folded syncline and a nearly isoclinal anticline, both plunging
to the southeast. The area is cut by steeply dipping, northwest- and northeast-striking
faults, as well as low-angle normal faults (Riggs, 1987).
A terrain similar to a basin and range environment developed in Cretaceous time,
shedding clastic deposits, similar to alluvial fans, into adjacent troughs (Tosdal and others,
1989). The deposits are progressively finer grained upward in the section.
Titley (1976, 1981) notes that before the Late-Cretaceous and early Tertiary
Laramide orogeny, the Mesozoic tectonic setting of southern Arizona had an active,
northwesterly structural grain, reflected in patterns of both erosion and preservation of
strata, including the outcrop patterns of Paleozoic strata. Mesozoic intrusion elsewhere
in southern Arizona has contributed to the emplacement of significant mineral resources.
The geologic conditions changed again in Late Cretaceous time to regional thrust
faulting and associated folding, accompanied by metamorphism that was locally associated
with development of auriferous quartz veins (Reynolds and DeWitt, 1994). The Laramide
orogeny began in Late Cretaceous time and continued through early Tertiary; dates
reported by Dickinson (1989) are 75-80 Ma for the beginning of the orogeny and
approximately 55 Ma (Eocene) for the end. The dominantly contractional or compressive
orogeny was accompanied by widespread magmatism. The porphyry copper deposits of
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southern Arizona were emplaced during the Laramide magmatic episode (Titley, 1982).
Titley (1987) investigates the ratios of silver and gold in Arizona ores and concludes that
the consistency of the ratios through time and through different igneous rock suites argues
against a pattern of regional zoning that might be attributable to the selective evolution
of the ores from a subducted oceanic slab.
Riggs (1987) describes low-angle thrust or gravity glide faults of Laramide(?) or
mid-Tertiary(?) age in the Pajarito Mountains. Mid-Tertiary, northeast-striking high-angle
faults and possibly reactivated northwest-striking normal faults are also present.
Magmatic activity waned markedly in post-Laramide southern Arizona, but
resumed again, progressing westward, in late Eocene through mid-Miocene with
widespread crustal extension, interpreted by Dickinson (1989) as effects of a steepening
subducted slab. Subsidence of the region progressed as an effect of crustal thinning, and
core complexes, which formed as low-angle, mylonitic, extensional faults, exposed
formerly deep metamorphic rocks.
Mid-Tertiary extension was followed by high angle faulting of the Basin and
Range extensional tectonism. Basaltic magmatism accompanied this stage of extension.
The Basin and Range event divided southern Arizona into numerous, non-marine basins
of northerly strike.

The basins generally accumulated strata through Pliocene time

(Dickinson, 1989) and now are being eroded by a regionally integrated drainage system.
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B. Rock Units in the Arivaca Region
Devonian rocks are the oldest exposed in the project area, and the stratigraphy of
the older Paleozoic units and the underlying Precambrian rocks is inferred from exposures
in the surrounding region.
Middle and upper Paleozoic (Devonian through Permian) continental-shelf strata
are exposed in the northeastern part of the map area (Plate I). Rocks of this age in
nearby regions are hosts for replacement deposits and skams (Peterson and others, 1990).
Mesozoic rocks exposed in the area are a complex mixture of volcanic,
volcaniclastic, and clastic units. The oldest Mesozoic succession shown on the geologic
map (Plate I) consists of Jurassic and Triassic volcanic and sedimentary rocks, including
welded tuff, rhyodacite, andesitic lava flows, eolian sandstone, redbeds, mudstone, and
conglomerate. Jurassic igneous rocks include granite stocks and rhyolite plugs.
The Pajarito Mountains in the southeastern part of the project area expose a broad
Mesozoic section, perhaps as great as 4,000 m (approximately 13,000 ft) thick, of which
as much as 3,000 m (approximately 9,800 ft) is rhyolitic to rhyodacitic ash-flow tuff of
Lower or Middle Jurassic age (Riggs, 1987).

Riggs (1987) also reports that the

hypabyssal equivalent of the volcanic rocks, as well as an Upper Jurassic(?) granite,
intrude this volcanic sequence. Riggs and Busby-Spera (1987) interpret the Lower- to
Middle-Jurassic, interbedded, quartz arenites and rhyodacitic ash-flow deposits as a
stratovolcano field or a caldera complex, and that the region was an extensional, subsiding
magmatic arc in Jurassic time (Riggs and Busby-Spera, 1990).
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Lipman and Hagstram (1992) describe four large calderas in southeastern Arizona;
the southwestemmost caldera of that group is referred to as the Pajarito caldera. The
extent of that caldera is diagrammed as corresponding to the physiographic range of the
Pajarito Mountains. Lipman and Hagstram describe thick ash-flow units in the Pajarito
Mountains that they interpret as belonging to an intracaldera environment, based in part
on the presence of large blocks of exotic lithology contained in dacitic welded tuff of
Jurassic age (Riggs and Haxel, 1990).
Lower Cretaceous Bisbee Formation strata are exposed throughout the central and
western parts of the project area. The formation contains grey siltstone, as well as lesser
amounts of interbedded sandstone, conglomerate, and limestone. The units locally display
a reddish brown color in areas that have been classified as having anomalous or different
weathering patterns or weathering products, based on the Thematic Mapper image analysis
of the present investigation.
Upper Cretaceous andesites and interbedded sedimentary rocks lie above the
Bisbee strata. These units include andesitic lava flows, breccia sheets, conglomerate, and
sandstone. Rhyolitic and sedimentary rocks, also of Late Cretaceous age, are above the
andesites and interbedded sedimentary strata. This sequence contains lava flows, airfall
tuffs, ash-flow tuffs, welded tuffs, tuff breccia, and interbedded conglomerate and
sandstone.

This rhyolite and sedimentary succession, is overlain by volcaniclastic

conglomerate, sandstone, and lacustrine shale, with minor andesitic and rhyolitic tuff
(Drewes, 1980).
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The Tertiary units, like the Mesozoic igneous and sedimentary packages, contain
a diversity of rock types.

Dike rocks, which are chiefly felsic and of Tertiary or

Cretaceous age, are mapped as a distinct unit in the western part of the area (Drewes, in
press). Intrusions of Cretaceous and Tertiary age are exposed in the south-central and
north-central parts of the area. The extent of surface exposure is minor. The rocks are
mapped as a unit that includes Upper Cretaceous and Paleocene granite, monzonite,
granodiorite, and diorite, plus some peraluminous, two-mica- and garnet-bearing granite
of Upper Cretaceous to Oligocene age.
Oligocene andesitic lava flows, breccia deposits, and interbedded sedimentary
rocks constitute the next younger map unit in the area. Oligocene and Miocene units
include granite stocks as well as rhyolitic lava flows and tuffs, tuffaceous sandstone, and
minor intrusions such as dikes and plugs.
Eocene to Miocene rocks include rhyolitic to andesitic lava flows and tuffs, plus
interbedded conglomerate, sandstone, and shale. Pleistocene to Miocene basalt and cinder
deposits are the next unit in the sequence.
A significant portion of the project area is covered by the youngest map unit, the
sedimentary deposits and rocks of Tertiary and Quaternary age, undifferentiated. This
unit includes sand, gravel, and conglomerate that fill intermontane basins, plus pediment
mantle deposits, alluvial fans or pediments, stream terraces, and alluvial channels.
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C. Mines and Mining Activity
Detailed investigations of the greater Arivaca region have focused largely on the
mineral deposits. The first mining activity of record (Tenney, 1929) was during the
eighteenth century, and involved small, high-grade, precious-metal deposits that occur
throughout the region.

Mining continued intermittently for the next two centuries,

generally in the western and southern parts of the project area. This dispersed nature of
ore occurrences is reflected in the lack of summary works about the geology of the area
until the late 1980s.
The lack of military protection for mines in the region, as a result of the demands
of the Civil War, forced the closure of all mines in Santa Cruz County from 1864 to 1871
(Greeley, 1991). The lack of a transportation infrastructure in southern Arizona restricted
development of mineral deposits in the region surrounding Arivaca. Tenney (1929)
reports that little work was done in any of the Santa Cruz county mines until the Southern
Pacific Railroad was completed to the town of Casa Grande in 1876. An additional
railroad was completed in 1884 from Mexico to Fairbank. Brief descriptions of important
mines and deposits in the region follow.
1.

Planchas De Plata, Sonora. Antonio Siraumea reports discovery of native

silver in 1736 at Planchas de Plata, at Arizonac, Sonora, Mexico, south of the Arivaca
area (Lacy, 1987). The mineralization occurs in tabular bodies that are 0.3 m to 5 m
thick and as long as 300 m.
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The rich deposits of silver initially produced 4.5 tons and were quickly depleted
(Segerstrom, 1986). Mining continued intermittently in the nineteenth century and into
the 1930s, and several stamp mills were constructed to process the ore. Segerstrom
(1986) estimates total silver ore production through 1930 to be as much as 50,000 to
100,000 tons.

The deposits of Planchas de Plata currently are considered to be

uneconomic (Cardenas Vargas, 1994).
2.

Arivaca and Cerro Colorado Districts.

Prospectors in southern Arizona

reportedly mined some deposits in the Arivaca region in the 1770s. Placer gold nuggets
were described in 1774 by Juan Batista de Anza, who also reported that numerous silver
mines had operated in the vicinity of Arivaca until the mines were compelled to close
under the strain of Apache raids (Officer, 1991). The placer deposits were in thin gravels
that were processed by dry washing (Coggin, 1987). An 1856 deed for a ranch at Arivaca
specifies 20 mines on the ranch property. Other records from New Mexico territory
report four mines near Arivaca (Lacy, 1987).
Charles D. Poston found silver in the Cerro Colorado Mountains in the middle
1850s, and several mines in the Cerro Colorado district and in the Arivaca region in 1858
and early 1859 were operated by the Sonora Exploring and Mining Company of Tubac
(Greeley, 1991).
The Cerro Colorado mine was first worked by the Spanish before the Mexican
Revolution (Tenney, 1929). The mine was re-opened as the Heintzelman mine in the
1850s and yielded a small amount of rich ore. A mill was built at Arivaca in 1858 to
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process the ore, which contained copper and approximately six percent silver. Although
the mine was the first commercial mining venture in the Territory (Heylmun, 1985), it
was not profitable and was forced to close in 1861 under the pressure of continued
Apache attacks. Production resumed in the early 1880s along with the construction of a
new mill in the area, but the operation ended again in 1884. Another attempt to resume
mining in 1888 was unsuccessful, followed by minor shipments of ore from 1900 to 1929.
Heylmun (1985) concludes that total gold produced by Spanish, Mexican, and
American mining was about 7,500 ounces. Tenney (1929) reports that total production
of the Arivaca and Cerro Colorado mines from 1856 to 1929 was less than $330,000.
The Las Guijas Mountains north of Arivaca were renown for discoveries of placer
gold (Johnson, 1972). Granitic rocks in the northwest part of the range are reported to
be the source of the auriferous gravel (Keith, 1974). Numerous auriferous veins are
reported in the Las Guijas Mountains (Heylmun, 1985), and those veins have shed placer
gold into gravel deposits surrounding the range. Much of the gold in the mesa gravels
is fine grained and angular and may have attached particles of the original gangue
minerals (Wilson, 1961).
Tungsten deposits were discovered before 1900 on the north side of the Las Guijas
Mountains. The principal ore is wolframite, variety huebnerite, with minor scheelite in
quartz veins that are as wide as 6 m (20 ft) and cu(+%% **e host rock (Dale and others,
1960). The first appreciable production was in World War I, but diminished production
continued after that war. Post-World-War-II production came from mining and, later.
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reworking the mine dumps. Placer deposits of wolframite lie on the northeast slopes of
the Las Guijas Mountains and in a nearby stream bed (Dale and others, 1960). Sheikh
(1966, 1970) reports that wolframite, variety huebnerite, and scheelite are the principal
ore minerals, and he classifies the tungsten deposits as epigenetic and epithermal.
Tungsten in the San Luis Mountains occurs in the Easter mine group of five
claims (Dale and others, 1960) and as a placer deposit in San Luis Wash. Scheelite in
the Easter mine occurs in a range of sizes from small particles to masses greater than 4.5
kg (10 lb) distributed in narrow, discontinuous, steeply dipping quartz veins that strike
N. 85° W. (Dale and others, 1960). There has been little development work on the
deposit. Placer scheelite and wolframite claims are in San Luis Wash, southwest of
Arivaca and northeast of the Easter mine, and Dale and others (1960) do not report
economic development of the deposit.
3.

Ruby, Oro Blanco, and Pajarito Districts. Gold was discovered in the Oro

Blanco Mountains in 1873, with further discoveries in 1880. Several mines produced
gold estimated to be worth at most $700,000, but the lack of water restricted mining.
The Ostrich mill was built in the Ruby-Oro Blanco district in the early 1880s to
process ores from the Montana and Warsaw mines. The facility contained a roasting
furnace for processing auriferous, refractory sulfide ores (Rickard, 1987). Several mills
had been built in the Oro Blanco Mountains to process ore, but the limited water supply
inhibited milling activity. The rich, oxide-zone ores were largely depleted by 1887, and
mining was almost entirely halted (Tenney, 1929). The demonetization of silver in 1893
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stimulated gold mining and a number of mines in the region were in operation, including
the Austerlitz and Yellow Jacket, with new mills at the Montana and Old Glory mines.
Several mills built during the 1890s operated intermittently, but declines in ore grades
from the mines in the district caused the closure of all the mills by the end of that decade,
the last being the Old Glory mill and mine which closed in 1898. The mine was opened
again briefly in 1903 but soon closed.
Fowler (1938) describes a close association between structural deformation and
ore distribution in the Montana mine.

Surface mapping showed that, although the

deformation is regional, the greatest intensity is in the area of Ruby, and the zones of
greatest deformation and little displacement were optimum sites of ore deposition. The
shear zones are right-stepping, en echelon, and have dips from 40° to the north to nearly
vertical. The Montana vein is an east-trending shear zone that varies in width from small
stringers to more than 12 m (40 ft), and all ore bodies are in the shear zone or in contact
with the Oro Blanco conglomerate. The surface expressions of the veins are pronounced
quartz outcrops, traceable for approximately 900 m (3,000 ft); the Montana mine
produced gold from the major quartz veins in these groups (Fowler, 1938).
Gold and silver in the Montana and Idaho mines primarily occur with tetrahedrite
(Warren and Loofbourow, 1932) in association with copper mainly in the form of
chalcopyrite. Warren and Loofbourow conclude that the deposit is not supergene enriched
and that the precious metals should occur throughout the deposit. Economic interest in
the Montana mine continued well into this century; Sawyer and others (1992) report that
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the deposit is mined out but that leachable silver and gold resources may remain in the
mine tailings, which were reportedly under development in 1986.
The Austerlitz and Oro Blanco mines opened again in 1912 for one more year,
then closed. The next significant activity was the brief reopening of the Idaho mine in
1925. The near-surface gold ores graded into zinc-lead-silver sulfides at shallow depths.
The Montana mine was operated for brief intervals beginning in 1917 and 1927 in
response to high zinc prices but closed again in 1930.
Knight (1970) concludes that the ore mineralization at Oro Blanco is Late
Cretaceous to early Tertiary age, hydrothermal, and ranging from mesothermal to
epithermal. The ore emplacement post-dated, and was concentrated along, major faults
but predated Tertiary volcanism.

Weisskopf (1994) concludes that ore deposition

occurred over a narrow time interval, dating at about 24 Ma.
The total value of metal production from mines in the Oro Blanco Mountains from
1873 through 1929 was approximately $2,000,000 (Tenney, 1929). Heylmun (1985)
reports that the area around Oro Blanco still contains notable amounts of placer gold.
The Pajarito mining district is in the Pajarito Mountains at the southeastern comer
of the project area. Mineralization is in the north end of the mountains in Cretaceous,
silicic lava flows (Keith, 1975). The largest producer in the area was the White Oaks
mine, primarily producing silver and lead, plus several tons of uranium ore that were
shipped for tests (Keith, 1975). Most ores are in northeasterly striking shear zones that
are recognizable on aerial photographs. The zone in the White Oaks mine, as much as
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30 ft (9 m) wide and 1,500 ft (approximately 460 m) long, is representative of the
dimensions encountered.

Heylmun concludes that hydrothermal alteration is not

extensive, but rich ore zones are still present. The last mining activity in the district was
in 1969 (Heylmun, 1984).
Nelson (1963) reports that the northern Pajarito Mountains and Pena Blanca Lake
areas have thick sections of tuff and other volcanic and volcaniclastic rocks that indicate
proximity to a large volcano or caldera and recurrent volcanic activity (Nelson, 1963,
1968). Numerous faults and joints in five groups transect the rocks in the area (Nelson,
1963).

Nelson also describes the epithermal silver and lead of the Pajarito Mining

District as occurring in parallel, steep, shear fractures that have a northeasterly strike.
Other mountain ranges in the region contain a diversity of rock types, some of
which show alteration. Cunningham (1964) describes a quartz diorite dome that intruded
and metamorphosed upper Paleozoic to Cretaceous sedimentary rocks of the northern
Tumacacori foothills.

Cunningham further documents three stages of hydrothermal

alteration related to the quartz diorite intrusion and a fourth related to subsequent
volcanism.
Segerstrom (1986) proposes a possible buried source in his investigation of the
Planchas de Plata district south of the present study area. He advances the concept that
those deposits may be the uppermost expression of a mineralized copper porphyry that
may lie as much as several hundred or several thousand meters below the surface.
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CHAPTER 3
AEROMAGNETIC ANALYSIS

The initial basis for this research was the recognition of unusual patterns on
aeromagnetic anomaly data used in the Coronado National Forest mineral assessment
performed by the U. S. Geological Survey (Gettings, in press). The same aeromagnetic
data, therefore, have been utilized in this project. Plate II is an aeromagnetic anomaly
contour map; two figures that follow are subsets of that map with interpretations of two
areas where the magnetic field gradients indicate calderas or intrusions at depth. The
term "aeromagnetic data" will be used here to indicate the aeromagnetic anomaly data
set that is used in this project.
Extensive silicic to intermediate igneous intrusions and volcanic rocks are
widespread throughout the Arivaca project area. The only mafic igneous rocks exposed
are minor outcrops of basalt in the southeastemmost comer (Plate I). The influence of
these widespread igneous units on the aeromagnetic data was considered in the
interpretation. Strangway (1967) notes that basic intrusive and extrusive rocks have
strong permanent magnetization that may be influential in producing magnetic anomalies.
Silicic igneous rocks, Strangway observes, have weak or scattered remanent
magnetization, leaving magnetic susceptibility as the dominant factor in a magnetic
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signature. Data about the magnetic susceptibility of rocks, derived from two separate,
published sources, are summarized by Dobrin (1976) and show that silicic igneous rocks,
on average, have significantly lower magnetic susceptibility values than do mafic igneous
rocks.
The significance to this study is that extensive volcanic rocks are predominantly
in the southeastern part of the area, in and around the Pajarito Mountains. The units are
thick and are dominantly silicic, with only minor amounts of intermediate volcanic rocks
(andesite) mapped at the surface. There was little that could be discerned from the
aeromagnetic data in that area, but the remaining areas offered good contrast in the
aeromagnetic data.
A. Data Base
Aeromagnetic data in the form of line data first revealed the possible existence of
buried, unmapped intrusions or calderas in this project area.

Gravity data also are

available for much of the project area, but the sample traverses do not follow a uniform
grid. The aeromagnetic data were collected along a uniform grid and are a regional data
set that is spatially more consistent than the limited sample of gravity points. This, and
the fact that the gravity data show similar anomaly patterns, is the basis for selecting the
aeromagnetic map as the preferable data set for analysis.
The data base is a portion of the archival aeromagnetic data from the National
Uranium Resource Evaluation (NURE) program. The data were acquired in 1979, and
segments of 11 aeromagnetic profile lines cross the project area. The lines were flown
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in north and south directions at a nominal spacing of 3 mi (approximately 5 km). Tie
lines were flown in east and west directions at line intervals of 30 mi (approximately 50
km) and along the U.S.-Mexico border.
Measurements were recorded at 50-foot (approximately 15-m) intervals along each
flight line. The latitude and longitude of each point sample were determined, and the data
have been corrected for diurnal drift as measured at a base station. The International
Geomagnetic Reference Field (IGRF) values also have been subtracted from the point
measurements. Data points were excluded where terrain clearance was less than 300 ft
(approximately 90 m) or greater than 700 ft (approximately 210 m); mean terrain
clearance was less than 400 ft (approximately 120 m). The wide spacing of the flight
lines is suitable for displaying regional-scale anomalies having magnitudes of
approximately 6 mi (about 10 km) or more (Gettings, in press).
It is useful to view the data as a contour map in order to compare the spatial
distributions of aeromagnetic anomalies with the mapped geology. The aeromagnetic map
(Plate II) was produced by gridding the magnetic anomaly point measurements and
machine contouring the data grid using the minimum curvature method.
B. Interpretations
Brant (1966) indicates that Laramide intrusions in Arizona show low magnetic
susceptibility, and magnetite in a porphyry copper deposit can be decreased through
hydrothermal alteration and by weathering (Sumner, 1967). Aeromagnetic anomalies,
nevertheless, are the initial evidence that the greater Arivaca region might contain igneous
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intrusions or calderas, and these anomalies appear to indicate not only the presence but
also the extent of subsurface igneous features. Jerome (1966) reviews techniques for the
exploration of porphyry copper deposits and recommends the use of aeromagnetic surveys
which could display the "thumb print" pattern that is associated with some deposits.
The map shows anomalies having magnitudes of about -200 to -100 nanoteslas
(nT) lying generally in the southwestern quadrant of the project area. M. E. Gettings,
geophysicist, of the U. S. Geological Survey’s Tucson Field Office provided oversight and
review of the aeromagnetic anomalies delineated in Figures 3 and 4. The configuration
of these anomalies and the markedly steep gradients that are associated with them define
an arcuate pattern opening to the south (Figure 3 and Plate II). The shape and position
of this group of anomalies corresponds to a broad, arcuate pattern of faults (Plate I) that
markedly resembles the patterns of faults developed over experimental and natural domes
(Wisser, 1960); the pattern is similar to the fault pattern of the San Juan-Silverton caldera
as diagrammed by Casadevall and Ohmoto (1977), and is similar to the patterns of faults
that develop over salt domes in the Gulf Coast and in salt-dome models (Parker and
McDowell, 1951). Lipman and Sawyer (1985) describe caldera environments from the
Mesozoic of southern Arizona and conclude that the caldera fragments are the remnants
of a cratonic, continental, volcanic arc that was similar to the San Juan volcanic field of
southwestern Colorado, in aspects of both size and petrologic characteristics.
The region of the Cerro Colorado Mountains in the north-central part of the
project area exhibits remarkably large aeromagnetic anomalies from minima less than
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Figure 3. Southwestern portion of aeromagnetic anomaly map. Dashed arcs show
approximate traces of largest gradients in the northern part of the project area, including
Cobre Ridge.
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Figure 4. North-central portion of aeromagnetic anomaly map. Dashed lines show
approximate traces of largest gradients in the north-central part of the project area,
including Cerro Colorado Mountains.
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-600 Nt to as much as -20 or 0 Nt (Figure 4 and Plate II). The pronounced gradients
enclosing the area suggest the presence of a buried intrusion. This group of anomalies,
like those in the southwestern portion of the area, occur in association with a circling and
branching fault pattern that could also be related to doming (Wisser, 1960). Other groups
of faults that suggest dome intrusions are shown on the geologic map, but the line spacing
of the aeromagnetic survey does not permit correlation of the aeromagnetic data with
those features.
Jerome (1966) summarizes criteria that are useful in the prospecting and
exploration for porphyry copper deposits. Aeromagnetic-anomaly profiles show high
gradients at the margins of the intrusions, owing to the introduction of magnetite at the
margin of the intrusion, or to the contrast in magnetic susceptibility between the intrusion
and country rock, or both.
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CHAPTER 4
IMAGE ANALYSIS
Two types of image data were used in this investigation: side-looking airborne
radar (SLAR) and Landsat Thematic Mapper. Side-looking radar was chosen for the
spatial resolution, geomorphic applicability, and textural information. Thematic Mapper
(TM) was selected for the diverse spectral range useful for geomorphic mapping and
spectral analysis. The spectral analysis is directed toward discriminating areas that may
have been altered, either weathered country rocks or weathered zones that might have
enriched levels of oxidized iron, clays, or carbonates, that might reflect possible
hydrothermal alteration.
A. Limitations of Thematic Mapper Data
Thematic Mapper bands 5 and 7 are designed to provide information about
possible weathering products of hydrothermal alteration. These bands do not directly
detect hydrothermal alteration in surface exposures, and they are too few and too broad
unequivocally to identify the primary, secondary, or weathering minerals, such as would
be provided by a laboratory spectrometer. The mineral groups that are considered in
Thematic Mapper investigations of this sort are oxidized iron minerals (red or yellow
surface color), ferric hydroxides, clays, carbonates, and hydroxyl-bearing compounds, but
these constituent minerals are not all unique to that alteration environment. The diverse
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minerals produced by the alteration can, at some places, contain clays and iron oxides as
weathering products (Creasey, 1966), but this correlation is not diagnostic. Buckingham
and Sommer (1983) appropriately note that rocks other than those that have been
hydrothermally altered contain clays and oxidized iron, citing iron-stained shale and
weathered granodiorite as examples. The occurrence of those mineral suites together,
furthermore, is not proof of hydrothermal alteration, because clays in association with iron
oxides may be the products of other processes.
Any presumption of delineating possible hydrothermal alteration using Thematic
Mapper data depends on the assumptions made by the analyst about the genesis of the
original mineral suite, the extent, kind, and degree of weathering, and the level of
exposure of the presumed alteration. These aspects are intermingled with factors of the
surrounding geology, which include the mineralogic composition, the degree of
weathering, and transport across the landscape; this last factor may determine the degree
of visual contrast in the analysis of the presumed alteration image.
It must be noted that the ratio technique at this, or any reasonably feasible level
of timely investigation, yields image data that portray the surface in aspects of relative
spectral composition. Calibrated image analysis is possible if the program is planned
sufficiently ahead of time and if adequate resources of time, equipment, and personnel are
committed to the effort.
Quantitative image processing to determine the actual levels of mineral families
requires a carefully executed sequence of operations, including: field sampling and field
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spectral measurements with a calibrated spectroradiometer of representative targets such
as rocks, soils, and vegetation simultaneously with image acquisition; quantitative,
laboratory analysis for oxidized iron, clay, and carbonate in field samples; calculation of
a scene-radiance image from raw data including corrections for solar irradiation vector
and detector gain and offset; and correlation of the resulting pixel values to the
laboratory-determined values of mineral content. This intricate procedure was not chosen
for this investigation.
The method selected instead uses band ratios to highlight surfaces that indicate
enriched amounts of clays and oxidized iron, relative to the surrounding terrain. This is
a relative, analytical method, as opposed to the quantitative method outlined above, and
it provides no information about actual mineral concentrations or content.

One can

surmise from this approach only that an area has a different amount of reddish surface
color, and that an area contains different amounts of clays or carbonates relative to
another site in the same image. Extrapolations from those simple relationships are made
✓

through the assumptions of the investigator’s working model. The present investigation
assumes that a pronounced difference in spectral and, by extension, surface composition
indicates a difference in the geological materials.
This region has been a recognized mineral district for more than two centuries, and
the extensive metalliferous vein deposits plus the vast extent of intrusive and volcanic
rocks permits the supposition that hydrothermal alteration occurred in the province. The
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analysis examines the ratio images from the perspective of a search for areas that may
have been hydrothermally altered.
Plate

in delineates areas that have greater amounts, relative to other areas in the

image, of oxidized iron in combination with clays, which might indicate hydrothermal
influences at some interval or intervals in the past. Although the map bears the phrase
"possible hydrothermal alteration" it portrays only areas of unusually large amounts of red
surface color and clays (and carbonates as a spectrally indistinguishable constituent)
relative to adjacent surfaces.
Published investigations, summarized below, demonstrate that spectral-ratio
anomalies similar to the those derived in this study correlate to zones of hydrothermal
alteration in the respective test sites.

Those projects evaluate areas of known

hydrothermal alteration. The results shown here are not petrographically correlated with
ground samples to demonstrate unequivocal correspondence to hydrothermal alteration.
Areas of anomalous weathering signature that might indicate weathered hydrothermal
minerals are areas that contain increased surface content of oxidized iron and clays
(perhaps including some carbonate compounds) as portrayed by the ratio image.
The clays may be attributable to weathering of hydrothermally generated minerals,
and the red surface color may be attributable to weathering of pyrites of hydrothermal
origin, but this has not been determined and, perhaps, cannot be determined. The imageprocessing technique used in this investigation has been used by the author elsewhere in
the North American Cordillera for exploration of hydrothermal gold deposits, however.
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and the same anomalous orange to yellow signatures portrayed on the ratio image
correlate there to a large gold mine. One of the brightest yellow signatures on the
alteration-ratio image made for this project, furthermore, corresponds to the Austerlitz
mine group, which is a hydrothermal deposit. Nothing in this report or attached maps
should be construed in any way as a prospecting device or as a guarantee or indication
of mineral potential or future mineral production.
B. Basis for Thematic Mapper Classification Study
Spatz and Taranik (1989) report that using Thematic Mapper bands 3, 5, and 7,
rather than the visible bands 1, 2, and 3, can yield superior image information over
lithologic targets, owing partly to a small, but discemibly greater, amount of surface
penetration by the longer wavelengths. This means that thin surface cover, such as desert
varnish, has less influence on the radiation in bands 3, 5, and 7 than on the shorter
wavelengths recorded by the Thematic Mapper, and the underlying, primary lithology has
a greater influence on the recorded image data.
Jerome (1966) summarizes criteria that are practical for the exploration of
porphyry copper deposits, including color anomalies. A large region, perhaps several
square kilometers in breadth, may be colored brownish, and Jerome reports that several
porphyry copper districts in Arizona, including Pima, San Manuel, and Bisbee, exhibit
large and distinctive color anomalies near the ore zone.

The color results from

pyrometasomatism, hydrothermal alteration, and weathering (Jerome, 1966).
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Hydrothermal-mineralogical aspects of remote sensing are examined in a paper by
Buckingham and Sommer (1983), summarizing the results of laboratory-measured spectra
of samples collected from numerous sites in southwestern Nevada. Their measurements
show (1) a direct relationship between the weight percent of surface (top 50 pm) clay and
(2) spectral absorption at 2.2 pm and a strong correlation of weight percent alunite and
absorption at 2.17 pm, both at amounts of approximately 20 weight percent or greater.
Buckingham and Sommer observe some differences between altered and unaltered rocks,
such as higher concentrations of clay in altered rocks, along with jarosite and alunite
exclusively in altered areas. Hematite and goethite occur in both altered and unaltered
areas.

Quartz and feldspar have little effect on mid-infrared reflectance spectra

(Buckingham and Sommer, 1983).
Abrams and others (1977) present results of field and laboratory spectral
measurements in the 0.46-2.36-pm interval, measured at the Cuprite mining district in
Nevada. A 24-channel airborne scanner acquired images that were correlated to groundbased spectrometer measurements and petrographic analyses. Abrams and others report
that the unaltered tuff unit exhibits a smooth reflectance curve that lacks significant
absorption troughs. Silicified rocks have a broadly expressed reflectance peak at 1.7 pm
and a weak trough at 2.2 pm; the spectral profile of opalized exposures show the same
peak and trough, but the features are more clearly defined. The argillized outcrops
described by those workers show moderate absorption in the 2.2-pm band that is the result
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of moderate amounts of kaolinite. The rocks at the study site are iron poor, so there was
little significant weathering expression of oxidized iron.
Abrams and others (1983) investigate porphyry copper deposits in southern
Arizona using Landsat Multispectral Scanner (MSS) and airborne. Thematic Mapper
Simulator (TMS) data. That paper notes that iron oxides are widely distributed in areas
that are unrelated to hydrothermal activity, and advanced argillic and silicic alteration
commonly have little iron. Thematic Mapper bands 5 and 7 sample spectral intervals that
contain characteristic spectral features of hydrous minerals such as found in many
hydrothermally altered rocks (Abrams and others, 1983). These workers conclude that
a ratio of bands 5 and 7 displays areas that have concentrations of hydrous minerals that
are greater, than in the surroundings and attribute those signatures to hydrothermally
altered rocks in the mining districts that they studied.
Airborne multispectral scanner data are used by Podwysocki and others (1983) to
delineate areas of anomalously large values in the band ratio 1.6 pm/2.2 pm, which they
attribute to the presence of hydroxyl-bearing minerals and correlate the distribution of that
spectral signature to areas of hydrothermal alteration.
Spatz and Taranik (1994) review multispectral analytical techniques for mapping
ore deposits; iron oxide mineral indicators are the result of weathering sulfide minerals,
especially in the pyrite halo around porphyry copper deposits. Iron oxides may form as
primary oxide minerals in advanced argillic alteration zones. The weathering of sulfide
minerals yields acidified soils that can stress vegetation, so relative degrees of vegetative
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health may contribute ancillary evidence about the presence of an alteration zone or ore
deposit (Spatz and Taranik, 1994).
C. Thematic Mapper Data Characteristics and Processing
Digital Landsat image data offer a spectrally diverse data set for investigating
potential and known mineral districts. The Thematic Mapper is an optical-mechanical
system that measures radiation reflected from the Earth surface by scanning the focussed
radiation across electro-optical detectors; the resulting voltages are digitized and compiled
into image format.
Thematic Mapper images are acquired in seven spectral bands (Table 1) and at a
resolution of 30 m (band 6 resolution is 120 m), yielding a clear image and a broad range
of spectral data. Thematic Mapper images are corrected for spacecraft systematic errors
and, in the data employed here, to produce a raw image in Space-Oblique Mercator
(SOM) projection.

This processing level of data, P format, is produced by cubic-

convolution resampling the image from the original raw data, which have a pixel
resolution of 30 m, to the new projection and with a pixel resolution of 28.5 m. The
image data used here have been geographically corrected and resampled to a Universal
Transverse Mercator (UTM) projection using a nearest-neighbor resampling technique to
preserve the spectral fidelity of the images.
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TABLE 1. Landsat Thematic Mapper scanner band widths.
Band number
1
2
3
4
5
6
7

Spectral interval, pm
0.45-0.52
0.52-0.60
0.63-0.69
0.76-0.90
1.55-1.75
10.40-12.50
2.08-2.35

Band center, pm
0.49
0.56
0.66
0.83
1.65
11.45
2.22

Band 6, as shown in Table 1, is the only band that records radiation in the thermal
portion of the spectrum. The other Thematic Mapper bands detect radiation that is
reflected from the earth surface. Bands 1, 2, and 3 record light in the visible portion of
the electromagnetic spectrum, corresponding approximately to blue, green, and red colors,
respectively. Band 4 samples near-infrared radiation that is effective for discriminating
healthy vegetation. Band 5 detects radiation in the region of reflectance peaks for clay
minerals and also for carbonate minerals. Band 7 records radiation in areas of low
reflectance in the spectra of clay minerals and carbonates. Hunt and Ashley (1979)
conclude that infrared spectrometry is a viable method for delineating areas that may
contain clay minerals.
Practical implementation of digital images for surface composition analysis
requires that compensation be made for the additive component, notably the atmospheric
haze component, that is recorded by the detector of each band. Landsat Thematic Mapper
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images are radiometrically preprocessed to compensate for system offsets, so the principal
source of additive noise remaining in a typical Thematic Mapper image is atmospheric
haze.
A wide range of techniques has been devised by many workers to estimate the
amount of atmospheric haze in an image. The method employed here is based on a set
of five atmospheric models that range from very clear to very hazy (Chavez, 1988, 1989).
Very clear atmospheric conditions appear to follow the Rayleigh model, in which
atmospheric scattering is inversely proportional to the wavelength raised to the negative
fourth power, X"4, the relationship familiar to most workers as the ideal atmospheric
scattering model (Chavez, 1988). The four remaining categories and the equivalent,
relative-scattering-model factors defined by Chavez (1988) are clear (X'2), moderate (X*1),
hazy (X-0-7), and very hazy (X"05). Chavez (1989) concludes that the Rayleigh model, in
which scattering follows the X"4 relationship, is suitable for very clear atmospheric
conditions. The atmosphere at the time of TM image acquisition was clear and dry, so
the X*4 relationship is appropriate for the image data.
Atmospheric haze determination for the image subset used here utilized a software
routine in the U. S. Geological Survey’s Mini Image Processing System (MIPS) at the
Geological Survey’s Flagstaff Field Center. This module employs the haze-correction
technique described by Chavez (1988, 1989) to determine reasonable values of
atmospheric haze in the six reflected-radiation bands of the Thematic Mapper. The haze
digital number (dN) values derived for bands 1 ,2 ,3 ,4 , 5, and 7 are, respectively, 50,28,
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15, 6, 0.38, and 0.12. The last two values are set to zero for the haze correction; the
other four values were subtracted from the digital pixel values in the corresponding bands
to yield the haze-corrected image. The validity of an atmospheric haze correction can be
tested by producing a band ratio using the corrected data. Ratios using properly corrected
data will produce an image that lacks shadow information, either direct shadows or
inverted shadows. The resulting ratio images used here show no shadows.
TM band 1 is used as a base in a ratio with band 3 data in order to determine the
relative amount of red color on the surface. TM band 3, the red-sensitive channel, is
useful for detecting oxidized iron, based on the reddish colors of those compounds in the
outcrop. An investigation by Hunt and Ashley (1979) of the visible and near-infrared part
of the spectrum reports that hematite and goethite are among the most detectable minerals
present in rocks of the southwestern Nevada study area.
Clays, carbonates, gypsum, and other hydrous minerals exhibit high reflectance in
band 5, but they have low reflectances in band 7.

Hydroxyl groups, which have a

fundamental vibrational absorption at 2.74 pm, are attached to the silicate structures in
those minerals, and the fundamental stretching absorption of the silicate combines with
the vibrational absorption of the hydroxyl to produce hydroxyl and silicate absorption
troughs in the spectral region of 2.04 to 2.37 pm, with a strong absorption trough at 2.2
pm, which is detected by band 7 (Elvidge and Lyon, 1985). Vegetation exhibits a similar
band 5 versus band 7 spectral response because three hydroxyl absorption bands lie in the
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interval of 1.9 to 2.74 pm, lowering the general trend of the hydroxyl reflectance curve
in that interval.
TM band 4 is used for mapping vegetation, employing the large reflectance values
of healthy vegetation in the near infrared spectral interval. Elvidge and Lyon (1985)
show that the response of healthy vegetation in a TM band 5/band 7 ratio is linearly
correlatable to the response in the band 4/band 3 ratio in a Thematic Mapper simulator
image subset of western Nevada. They emphasize that the relationship pertains only to
the particular image data and ground target set that they have investigated, but the linear
equations that they provide have correlation coefficients greater than 0.90. The diversity
of vegetation types, which include grasses, broad-leaf deciduous, and needle-leaf
evergreen varieties, suggests that the relationship may be linear to some degree in other
vegetated sites. This similarity in ratio responses demonstrates the ambiguity that arises
when a band 5/band 7 ratio is employed to map hydroxyl and carbonate compounds,
because of the influence of vegetation in the image. Elvidge and Lyon conclude that
detailed vegetation classification by a band 4/band 3 ratio and proportional compensation
of the ratio values may yield an image that is easier to interpret, but they also report that
the simpler technique of overlaying the vegetation mask for visual exclusion would be
adequate. A similar masking technique is employed here.
A ratio of TM band 5 to band 7 highlights areas that have comparatively high
concentrations of clay or carbonate minerals, or hydrous minerals such as gypsum (Hunt
and others, 1971). Clay minerals may be produced from feldspar minerals by circulating
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hot water. Argillic alteration is specifically of interest in the application of the TM bands
5 and 7 for alteration mapping, because of the abundant clay minerals, notably kaolinite
and montmorillonite, produced in this type of alteration. Kaolinite may also be produced
from feldspar in the conditions of supergene enrichment of a copper porphyry (Creasey,
1966): oxidized pyrite yields sulfuric acid that can alter the feldspars at temperatures as
low as 50° C. This reaction could enhance the image-derived clay signature, and perhaps
the iron signature, of an already existing ore deposit.
The relative abundance of oxidized iron on a surface that is shown in an image
can be estimated by employing a ratio image of TM band 3 divided by band 1. Oxidized
iron minerals generally have a reddish or yellowish appearance, coupled with a low
albedo in the blue (band 1) part of the visible spectrum, and this ratio portrays areas that
are visually more reddish or yellowish than they are blue.
A third ratio displayed in the final ratio-image composite is band 5 divided by
band 4. The utility of this ratio is that it emphasizes areas that are comparatively devoid
of healthy vegetation.
Healthy vegetation, as described above, interferes with the geologically derived
response in the band 5/band 7 ratio. This parallel response creates an ambiguity in image
signature with respect to determining targets of potential geologic interest.

The

appearance on the ratio image can be pronounced: areas of healthy vegetation can be
confused with areas rich in clay or carbonates. The solution implemented in this analysis
is to estimate the amount of healthy vegetation by producing a ratio image of band 4
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divided by band 3, two spectral bands that are commonly used in a variety of vegetation
mapping techniques. The resulting pixel values have a range of grey levels that are
considered to be proportional to the amount of vegetation present in a pixel area. The
brightness values can then be used to produce an image map that masks to zero any area
that is considered to be dominantly vegetated. The threshold values for the zero range
were determined by inspection, primarily using the vegetated stream channels as a test
population.
A vegetation-coverage threshold was selected by inspection, and pixels of that
value and greater were set to zero. Values less than the threshold were set to 1. The
resulting, two-level image data structure allowed the vegetation ratio image to be used as
a multiplication mask for use with other bands or ratio images. The band 5/band 7 ratio
image was multiplied by the vegetation mask, with the result that a pixel in the band
5/band 7 image was set to zero if the corresponding pixel in the vegetation mask was
above the chosen vegetation-coverage threshold.

Band 5/band 7 ratio values that

correlated to pixels below the vegetation threshold were left unchanged.
This procedure substantially diminishes the vegetation influence in the resultant
image and markedly enhances the interpretability and recognition of interesting or unusual
geologic targets. A liability of the technique is that pixels that are dominantly, but not
completely, covered by vegetation are set to zero, meaning that some geologic data are
lost. This is a noteworthy problem in mountainous areas, especially in the Atascosa
Mountains and Pajarito Mountains, where large fields of pixels in the band 5/band 7 ratio
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were set to zero. The margins of thickly vegetated areas, however, can yield clues about
the amount of alteration that might be present below the vegetation canopy.
Single-channel ratio images can be used as monochromatic base maps for this kind
of interpretation, but the technique is cumbersome, and the ability to distinguish
anomalous zones on a grey-level image is restricted. A false-color composite image of
three band-ratio images, 5/7, 3/1, and 5/4 was made to enhance the interpretability of the
spectral information.
The vegetation-masked band 5/band 7 ratio displays areas of probable clay- and
carbonate-mineral enrichment, as described above. This ratio image was assigned to the
red channel. The advantage of displaying this information in red is that red is easily
recognized against background colors, and red draws the attention of the image interpreter
to the areas that may have noteworthy levels of clays, carbonates or other hydroxyl
bearing minerals.
Digital number values of pixels that are greater than those of surrounding pixels
in the ratio of band 3 to band 1 indicate areas that, in the visual spectrum, are more red
or yellow than they are blue. This ratio is useful for portraying areas of relatively greater
oxidized iron values because of the red, yellow, and brown hues common in those
minerals.

The 3/1 ratio is displayed on the false-color image in green for practical

reasons: the human visual system is especially sensitive to a wide range of green shades,
and green shades mixed with red shades (the colors of the clay and carbonate display
channel) yield a broad range of intermediate oranges and yellows, colors that are easily
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interpreted against a variety of backgrounds. The range of colors from red through
orange, yellow, and green, produces a brightly colored visual display where there is
enriched clay mineralization in combination with oxidized iron.
The third ratio, band 5/band 4, is displayed in blue. This ratio, as indicated above,
primarily shows areas that are sparsely covered by vegetation.

This is useful for

interpreting the amount of exposure of a given outcrop, and the amount of blue in the
general field of the image provides a good, visual background for discriminating other
zones that may be visually brighter.
D. Thematic Mapper Image Analysis
A false-color composite image of 1:100,000 scale was generated as an
interpretation base for mapping outcrops that have enhanced levels of clays, carbonates,
hydroxyl minerals, and oxidized iron relative to the surrounding surfaces. The image
shows extensive areas of yellow and orange, interpreted as anomalous products. Those
regions were mapped using conventional, visual, image-interpretation techniques.
An interpretational bias was to include only those areas that exhibit the yellow and
orange signature and to exclude green (iron oxide) areas. Large areas of green are seen
in the Atascosa Mountains (east-central) region of the image. These areas might contain
high red-channel (clay and carbonate) values, too, combining with green to form yellow
and orange image tones, but the areas are thickly vegetated.

The vegetation mask

blackened red-channel pixels in vegetation-rich areas so mineral signatures would also be
removed, leaving only green or blue image hues in areas of dense, healthy vegetation.
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The presence of possible alteration in those areas can be inferred from the yellow and
orange colors surrounding the green, but there is no unequivocal way to determine from
the image data alone the extent of the contribution by the underlying rocks.
Figure 5 shows the spatial distribution of weathered outcrops depicted in Plate m
with the distribution of named mining districts in the project area. District information
is redrawn from Keith and others (1983).
One result from the image-derived alteration map was the discovery of two large
faults in the center of the southernmost portions of the project area. These faults are most
clearly portrayed on the original, color classification images of the project area,
recognizable by contrasting colors and straight traces. The traces are shown on Plate m ,
and the strike is approximately N. 7° E. The color image was the discovery medium of
the faults and displays them most clearly. Restrictions imposed on the University of
Arizona by University Microfilms, Inc. (UMI), however, virtually prohibit the inclusion
of data-grade, color images (in order to accommodate UMI’s limited abilities at document
reproduction), so a monochrome image was demanded for this report. The single channel
that best portrays the trends is the green (oxidized iron) channel (Figure 6).
Figure 6 is a comparison image pair that illustrates the positions of the faults
blocks after and before restoration. The strike lines, drawn in white on the image, follow
the traces of the faults as they are mapped from the false-color, ratio image; the
detectable extents of the faults are shown on Plate m . The fault traces are projected
beyond the mapped limits of the faults, spanning the full height of the image as a way
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Figure 5. Mining districts and spectral anomaly zones. Districts redrawn from Keith and
others (1983).
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Figure 6. Landsat TM3/TM1 ratio image showing fault restoration.
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to find additional geologic trends or structures that might otherwise be unrecognized. Pre
fault restorations are based on the concordance of spectral trends across the fault traces.
The arrows in the fault-restored image trace one of the spectral trends used for restoration.
Blocks were moved to pre-fault relative configurations by dextrally translating the blocks,
without rotation, along the traces until an agreeable continuity of image tones and patterns
was achieved. The horizontal displacements estimated this way are 3.5 km (2.2 mi)
across the eastern fault, here called the "Ruby fault" and 5 km (3.1 mi) across the western
fault, here called the "Oro Blanco fault."
E. Side-Looking Airborne Radar Mosaic
The side-looking airborne radar (SLAR) data are a subset of the analogue mosaic
of the Nogales, Arizona 1:250,000-scale quadrangle, prepared by the U.S. Geological
Survey. The sensor is a synthetic-aperture radar system, operating in the microwave X
(3-cm wavelength) band.

The data were acquired in June 1988, with an east look

direction; the acquisition altitude is approximately 11,900 m (39,000 ft) msl, and
depression angles are 32° at near range and 11° at far range. The mosaic is in 1:250,000scale quadrangle format. Ground resolution is not reported. The mosaic was digitized
at an equivalent ground resolution of 25 m, and that digital mosaic was subset to produce
the Arivaca region mosaic.
Physical principals of wave scattering and reflection from variously textured
surfaces mean that the 3-cm wavelength used to acquire the images in this mosaic is
particularly well suited for geologic investigations in a variety of terrains. The long
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wavelength, in comparison with optical sensors, interacts with the texture of geologic
surfaces in both a bulk-scattering context and wave-reflection or wave-refraction contexts,
producing a variety of useful target signatures on the resulting image.
Interaction of electromagnetic radiation with a surface is a complex function of
the surface dielectric coefficient, small-scale surface roughness (electromagnetic-radiation
reflection or scattering properties), and large-scale surface roughness or morphology. An
electromagnetic ray incident upon an ideal, smooth surface will be specularly reflected
away from the radiation source. The same radiation incident upon an ideal, diffusereflecting surface will scatter the radiation in all directions. The gradual transition from
specular to diffuse reflection is described by the relationship:
(-2

l

_

h \ 8 sin y
where h is the average height of surface roughness. A, = radar system wavelength, and y
= grazing angle, which, for surfaces with zero dip, equals the depression angle of the
incident microwave radiation (Schaber and others, 1976). A surface having average
surface relief less than the threshold value, h, is a specular reflector; average surface relief
greater than h is a diffuse reflector. A horizontal, specular reflector appears dark on a
radar image because the incident microwave radiation is reflected away from the sensor.
A diffuse reflector, conversely, appears light in tone because a portion of the incident
radiation is scattered back to the sensor.
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The average depression angle of the images acquired in this survey is 23.5°. The
value of h in the above equation, using the 23.5° value, is 9.4 mm, the transition
roughness at which a surface changes from a predominantly specular to a predominantly
diffuse reflector. Implications for geologic analyses are that a horizontal geologic surface
will appear dark on a radar image if the average surface roughness is less than about 9
mm. Geologic surfaces that have progressively greater surface roughnesses will have
signatures that range from dark through progressively light grey tones. This relationship
means that the wavelengths of side-looking airborne radar systems are spectrally well
positioned for mapping geologic surfaces.
Surface morphology, or large-scale surface roughness, is another important factor
in determining the radar signature of a geologic surface. This relates to the geomorphic
character of the terrain such as the rockiness of the surfaces and the orientations of hill
faces. The utility of this aspect of imaging radar is demonstrated by the widespread use
of SLAR images for geomorphologic mapping.
Side-looking radar images reveal further aspects of the land surface by means of
the pronounced textural contrast that results from several characteristics of the sensor,
including broad signal dynamic range, unidirectional irradiation source, and typically
shallow image depression angles with the consequent, sharply defined shadows and
accentuated topography.
An important consideration in a multispectral, multi-sensor analysis such as this
is the complementary applications of the images. A significant disadvantage of the
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optical ratio image, for example, is the inherent loss of shadow information. Shadows are
removed from the ratio image because dividing one spectral value by another yields a
quotient that is based on the relative, rather than absolute, magnitudes of reflected
radiation. A ratio eliminates the differences resulting from differential irradiation, and
those differences are the topographic shadows seen on the original image.
Shadows are critical for shape recognition and identification by the human visual
system, so shadows are fundamentally important for surface morphological analysis in the
visual interpretation of images. Side-looking-radar images, as described above, exhibit
well-defined shadow information that conveys abundant information about character and
the texture of the terrain.
The two strike-slip faults are indiscernible on the side-looking radar image data
(Figure 7), so the fault traces were transferred to the SLAR mosaic from the optical data.
The SLAR mosaic, with the blocks restored to pre-fault positions, provides terrain-textural
data that is useful for evaluating the mapped configurations of the faults. Blocks were
restored by translation along the fault traces. Landforms and image texture, rather than
spectral trends, are the interpretational cues for determining a credible restoration of the
blocks to pre-slip state on the radar mosaic.
The utility of SLAR image data was originally anticipated to be primarily as
supplementary data for the structural investigation of this project, serving as a base for
correlation with known structures. Little new information was derived from that aspect
of the image analysis. The radar image data, however, have contributed valuable
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Figure 7. Side-looking radar mosaic subset, Arivaca region.
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corroborating evidence in validating the restoration of the two strike-slip faults discovered
with the Thematic Mapper ratio image. The SLAR mosaic shows that the restoration can
also be made using geomorphic evidence once the fault traces are identified.
A SLAR mosaic depicting the blocks in the pre-fault positions (Figure 8)
illustrates remarkable concordance of surface textures, landform configurations, and
lineaments across the fault traces. The traces extend the full height of the image, as they
do on the alteration-ratio image, above, to reveal other possible geologic trends that might
otherwise be unrecognized. The sinistral displacement estimated from radar data across
the Ruby fault is approximately 3.1 km (1.9 mi), and across the Oro Blanco fault, 4.2 km
(2.6 mi). These independently estimated displacements correspond well to the magnitudes
estimated from the ratio image (Figure 6).

6 8

Figure 8. Side-looking radar mosaic showing fault restoration.
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CHAPTERS
FIELD INSPECTION
Field inspection was directed toward examining a limited number of areas detected
in the image analysis of the region with regard to anomalous surface color or apparent
anomalous weathering and/or alteration, as well as attempts to document the presence or
absence of structures that would indicate the veracity of the faults mapped in the image
analysis section.

The image processing and analysis facet of this investigation was

ancillary to the project goals, so the project has not focused on field mapping.
Several decades of extensive geologic and geophysical mapping in the Arivaca
region has resulted in a great wealth of data about the region in reports, theses,
dissertations, and maps. The recent map compilations by the U. S. Geological Survey in
the Coronado National Forest mineral assessment project are the latest contributions to
the geology of the region. That project consolidates much of the previous work into a
single uniform map set (Drewes, in press; Gettings, in press), and that mapping is in large
part the genesis and foundation of the present investigation. The majority of thesis and
dissertation maps used in support of this study appear to be well verified by the respective
authors, and those manuscripts were used with substantial confidence in this evaluation.
Some of the field work during this project was done in association with ongoing
field mapping of the Arivaca 7.5-minute quadrangle by the U. S. Geological Survey. The
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field work for the present study focused primarily on the research of structures discovered
in the image analysis. Most of the area examined is shown on the U.S. Geological
Survey Bartlett Mtn., Arizona and Ruby, Arizona 716-minute topographic quadrangle
maps.
One area of interest was the vicinity of the Austerlitz mine group, a deposit of
Laramide age, and is identifiable on the Thematic Mapper ratio image as a bright yellow
anomaly. The yellow signature indicates hydrothermal alteration in the area around the
Austerlitz group. The yellow signature, as described above, is the result of reddish
surface color attributable to enriched oxidized iron content of the surface in combination
with possible enhanced levels of clay at the surface. Reconnaissance in the area around
the Oro Blanco townsite shows grey outcrops of unaltered strata. The color of the
outcrops changes to a distinct reddish-brown to the south, however, as one approaches the
Austerlitz mine group. A Bisbee Formation outcrop examined at NE!4SW!4, sec. 25, T.
22 S., R. 10 E. contains epidote; the exposure lies within an area delineated as anomalous
on Plate III and within the area where the Bisbee is observed as reddish brown. This
reddish color appears to be the result of greater amounts of oxidized iron, exactly as the
Thematic Mapper ratio image indicates. Clay contents were not determined.
Additional field work was directed toward finding the traces of the two strike-slip
faults shown by the Thematic Mapper ratio image. Numerous traverses across the surface
traces of each revealed no indication of the western fault offsetting either the Bisbee
Formation or the Cretaceous-Tertiary intrusion near NE lA , sec. 36, T. 22 S., R. 10 E., or
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of the eastern fault offsetting either of those formations at NE!4, sec. 6, T. 22 S., R. 11
E.
Several traverses in the region of the Japanese Valley Road south of the Austerlitz
mine crossed the fault mapped by Drewes (in press) that is shown on Plate I. Vertical
slickensides with epidote mineralization were observed on the fault at SWV4SEV4, sec. 36,
T. 22 S., R. 10 E., indicating that at least one stage of motion on the fault was vertically
directed. This fault trace is significant because it approximates the location of the western
strike-slip fault.
The Austerlitz mine lies near a hill crest at NEWSWW, sec. 36, T. 22 S., R. 10 E.
and is within a zone delineated on Plate HI as containing anomalously large oxidized iron
and clay or carbonate values relative to the surrounding terrain. Field examination shows
no recognizable strike-slip offset in the proximity of the Austerlitz mine, but much of the
rock is brecciated, and the clasts are encrusted with cock’s-comb quartz 1 cm or more in
thickness.
Field examinations also considered faulting attributed to dome-uplifted rock units
with attention toward cross-cutting relationships that might indicate relative ages of
faulting. Field work was limited to a minor part of the more than 700 mi2 of area
included in the boundaries of this project.
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CHAPTER 6
TECTONIC INTERPRETATIONS
The question of the presence of previously unmapped calderas or intrusions in the
Arivaca region is the foundation of this project, and the investigation pursued the goal of
determining the existence of such features through conventional geological and
geophysical techniques.
Igneous intrusions can supply magma to a volcanic center, and when the magma
supply is progressively exhausted the summit area may collapse as a consequence of
magma removal. Volcanic activity has been observed to move outward toward the flanks
of some volcanoes with age (Schaber and others, 1978). Calderas are surface expressions
of intrusions, and a parent intrusion below may be emplaced as a dome. Dome fault
patterns, as described below, can indicate the presence of a caldera or an unexposed
intrusion.
A. Strike-Slip Faults
Cross-cutting and superimposition relationships of the Oro Blanco and Ruby faults
suggest a Late Jurassic age of displacement. Plate in shows that many of the anomalies
in the southern part of the project area may be of Jurassic age as well, because they
appear to be offset by one or both of these faults. Trends in the clay and oxidized-iron
anomalies (Plate HI) are offset by the faults, and those anomalies correspond to the
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positions of Triassic-Jurassic-age volcanic and sedimentary rocks.

Field inspection of

Tertiary-Cretaceous intrusive rocks and Bisbee Formation outcrops north of the Austerlitz
mine revealed no evidence of shearing attributable to strike-slip deformation.

This

overlap by the Bisbee Formation indicates that the strike-slip displacement had ceased
before Early Cretaceous time. Weathering signatures that are geographically associated
with the Laramide-age (Titley and Anthony, 1989) Austerlitz mine group, are offset by
restoration of the strike-slip faults indicating an age younger than the faults.
The eastern fault, the Ruby, transects the Ruby road, and field checking there
shows no indication that the Bisbee Formation was sheared by the strike-slip fault. That
also implies that the age of strike-slip faulting is Jurassic, and that the arcuate weathering
anomaly zone annotated with arrows on Figure 6, and which is recognizable with fault
restoration, is also Jurassic in age.
The arcuate or semicircular anomaly that appears upon restoration of the strike-slip
offset has the character of a large volcanic complex, perhaps a caldera. The youngest age
of the feature, based on the cross-cutting relationships with the two strike-slip faults,
would have to be no less than Middle to Late Jurassic. That limit is in concordance with
the abundant Early- to Middle-Jurassic, thick, volcanic rocks throughout the greater
Arivaca region.
The arcuate shape of the basin recognizable on the fault-restored SLAR mosaic
(Figure 8) closely matches the shape and position of the spectral anomalies on the faultrestored, Thematic Mapper image (Figure 6). This does not indicate that the landforms
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portrayed on the SLAR mosaic represent an exposed Jurassic surface. The markedly
similar pattern probably is a result of similar rock types having similar physical properties
and eroding to similar exposure or landform patterns.
Coney (1978b) and Dickinson (1978) illustrate the Jurassic magmatic arc lying
approximating the present west and southwest edge of the of North America; neither
paper shows the convergence direction across the arc, but the principal stress direction
across an arc of that orientation could be inferred to be along a northeasterly axis. That
orientation could produce strike-slip faults that had a more easterly strike than the Oro
Blanco and Ruby faults, and the arc-related faults would have dextral, not sinistral, slip.
The stresses associated with the hypothesized, dextral, Mojave-Sonora megashear as
diagrammed by Coney (1978b), likewise, would have tended to generate dextral
displacement across northerly striking faults if any had been present at that time.
If conditions of simple shear are assumed, the sinistral sense of offset across the
two strike-slip faults suggests a principal stress direction of approximately N. 30° W./S.
30° E., using the criteria of Wilcox, Harding, and Seely (1973) and of Groshong and
Rodgers (1978). Coney (1978a) diagrams the motion of the North American plate during
Jurassic and Cretaceous time as northwesterly; the reference point he selects lies within
the mobile belt of the Cordillera, and it is unclear from that discussion what compensation
has been made for subsequent displacements or on what basis the movement direction is
derived.

The figures, however, support a northwesterly-southeasterly direction of
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principal stress along the continental margin, and that principal stress direction
approximates the direction inferred from the Oro Blanco and Ruby faults.
B. Dome Fault Patterns
Intrusions or plutons can deform overlying rocks in a dome shape, generating a
characteristic pattern of branching and intersecting faults (Wisser, 1960). The recognition
of those patterns can be valuable evidence in mapping a region suspected of containing
unidentified intrusions or buried calderas. Several areas that exhibit such fault patterns
have been distinguished on the geologic map (Plate I). A dense group of faults that are
characteristic of domes forms at the magma-emplacement stage as a consequence of
expanding the overlying rock units. Other faults may form as collapse of the depleted
magma chamber creates new faults, and faults that developed in the magma emplacement
phase could be easily reactivated.

Tectonic reactivation could enhance the surface

expressions of the faults created by dome formation, facilitating recognition of the
associated fault pattern, even after lengthy volcanic eruptions would have buried the
source fissures and faults nearest the vents. Similar structures are illustrated by Schaber
and others (1978).
Fault patterns that signify, or are characteristic of, intrusion domes have been
described by several workers. Wisser (1960) examines the occurrence of ore deposits to
two categories of domes: (1) domes that are equant (dome-shaped) in plan, and (2)
domes that are elongate (anticline-shaped) and occur as isolated, discrete features, not part
of a fold or thrust belt. Anticlinal domes display a fault pattern that consists essentially
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of faults that are parallel to the long axis of the fold intersecting faults that are normal
to the anticlinal axis in plan view. The resulting pattern typically exhibits two principal
strike directions, a configuration that has no counterpart in the structures of the Arivaca
region.
The category of dome-shaped features is stipulated by Wisser to have radial and
concentric fault patterns, that commonly are complexly intersecting.

Wisser offers

experimental field examples of the domal category, including the Silverton, La Plata, and
Rico districts in Colorado, as well as analogue models of vertically rising domes that
exhibit similar fault patterns. Figure 9 shows two of Wisser’s examples of fault patterns
on an experimental dome and the Silverton caldera, Colorado, as well as the fault patterns
related to the Cerro Colorado caldera. Other areas that exhibit fault patterns similar to
those of Wisser’s domal configurations include the Yellowstone caldera, Wyoming (U.S.
Geological Survey, 1972) and the Christmas mine, Arizona (Koski and Cook, 1982). The
Yellowstone fault patterns, in particular, resemble some fault patterns in this project area.
Wisser makes several generalizations about the relations of ore deposition to dome
uplift, including: the early development of fissures and dikes with onset of dome uplift,
progressive development of fractures and faults with intrusion and dome uplift, and
introduction of mineralizing solutions during intrusion and transport along the fractures
and the peripheries of stocks (Wisser, 1960).
Anomalous patterns (M. E. Gettings, personal communication; Gettings, in press)
in the aeromagnetic data, as reported above, indicate the possibility of at least one buried
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Figure 9. Fault comparison, caldera, dome, and Cobre Ridge.
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caldera or intrusion. Extensive volcanic rocks having a range of siliceous compositions
were extruded throughout much of Mesozoic, especially Jurassic, time in the Arivaca
region. Abundant lavas and ash flows indicate large, long-lived magma sources in the
region, with considerable volumes of magma emplaced near the surface during Jurassic
time, and probably again in Late-Cretaceous and early Tertiary time. The Jurassic flows
could have emanated from large volcanoes that subsided through the long eruptive history
of the area. Magma emplacement probably expanded (domed) the overlying country
rocks as the intrusion rose into them, forming the arcuate and branching fault patterns that
commonly are associated with dome intrusions. These patterns occur in nature and in
scale or analogue models of domes and intrusions (Parker and McDowell, 1951; Wisser,
1960; Casadevall and Ohmoto, 1977; and Withjack and Scheiner, 1982). Patterns and
distributions of structures that are described in those studies can be used as corroborating
evidence to determine the presence and areal extent of intrusion domes in the greater
Arivaca region. The initial stages of this investigation were directed toward that end.
Perhaps the information of greatest value for verifying the presence of the dome
intrusions is the meticulously detailed geologic mapping of the region, notably the work
of Drewes (1981; in press), Keith and Theodore (1975), and Knight (1970). These works
present elements of structural detail that readily enable the fault patterns in this project
area to be correlated to the fault configurations over known dome intrusions in mining
districts, in petroleum fields, and in experimental models of faults above domes.
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The Cobre Ridge area is where the aeromagnetic patterns were first recognized as
anomalous and possibly indicating a caldera or intrusion (Figure 3). That anomaly is
elliptical in plan and northwesterly elongate.

The aeromagnetic survey is limited

southward by the international border, so the amplitude and shape of the anomaly to the
southeast is unknown. The mapped faults suggest that the feature is a dome intrusion,
and the extent of the dome based on the large gradients in the aeromagnetic anomaly map
approximates the extent of those faults (Plates I and II).
Figure 10 is a portion of the geologic map (Plate I) of the greater Arivaca region;
units and symbols are explained on Plate I. The elongated, elliptical configuration of the
faults suggests that, as a dome intrusion, one might categorize it as an anticlinal dome
under the Wisser classification, but the anomaly lacks the longitudinal and cross faults
described of that group. The fault pattern on the geologic map instead is an anomalous
set of branching and intersecting faults, possibly indicating that the fault group represents
only a portion of the intrusion. That configuration of faults is similar to the fault patterns
illustrated by Wisser (1960) and shown in Figure 9 as having formed over dome
intrusions.

These faults are not recognizable on the satellite image.

The generally

elliptical shape of both the high gradients on the aeromagnetic map and the fault patterns
on the geologic map correspond also to the anomalous weathering zones on Plate ID.
This convergence of evidence further substantiates the possibility of intrusion in the Cobre
Ridge area.

111°26.5'

111°
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Figure 10. Faults and general geology, Cobre Ridge area. Arrow explained in text; units
and symbols explained on geologic map.
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The timing of the intrusions and possible, related dome formation is important for
understanding the geologic history of the area, especially considering the close association
between intrusions and the possibility of consequent ore mineralization. Few areas shown
on the map offer unequivocal cross-cutting relationships that would allow a relative time
of emplacement, or at least faulting, to be surmised. The possibility of faults being
rejuvenated through younger tectonic episodes complicates the determination of a given
fault or group of faults as being the result of a specific tectonic event.
The area annotated by the arrow in Figure 10 shows Bisbee Formation covering
a fault that is attributable to doming deformation. Nearby, in the western part of Cobre
Ridge, faults of the same group cut Cretaceous through Eocene units, which would
suggest continued or renewed activity through many millions of years. Field examination
of the site shows that the hillslope is covered with trees and grass, and large pieces of
white quartz were found as float samples. The quartz appears to be of vein origin,
suggesting that the fault might actually cut the Bisbee at the site. That cross-cutting
relationship would suggest timing that is compatible with the timing indicated by cross
cutting relationships of the other faults in the group. The faults, as noted above, have the
configuration of dome-generated patterns, and the ages of the rocks broken by the faults
indicate Tertiary displacement.
Another group of branching faults, few in number but at least 5 km in length, can
be seen in the southeast part of the geologic map (Plate I).

The area follows the

southwestern edge of the Atascosa Mountains; the faults are north, south, and west of
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Atascosa Peak, striking generally to the north and northwest. The limited number of
faults inhibits the verification of any trend that might confirm a domal intrusion, but the
configuration of the faults is evocative of such an origin. The aeromagnetic map exhibits
no trends that might be attributable to a buried intrusion, but this could be a manifestation
of the thick sequence of volcanic rocks in the area.
The Cerro Colorado Mountains and the area to the southwest show several groups
of faults that could be interpreted as related to dome intrusions, based on Wisser’s (1960)
classification. The geologic map (Plate I) illustrates the pattern, although the number of
faults presented on the map is small. Smith (1966) describes the general structure of the
range as a doubly plunging anticline trending approximately N. 40° W., with two highangle normal faults forming a horst. These faults are shown on Plate I as the branching
fault pair in the west-central part of the range. The limited extent of the exposure leaves
any conjecture about the domed-intrusion origin of the faults open to question. These
faults, which are centered in the Cerro Colorado Mountains, correspond to the northern
part of the anomaly (Figure 4) in the north-central part of the aeromagnetic map. This
association, along with the description by Smith (1966) of the general structure as
anticlinal, is evidence that the faults may be related to an intrusion that was emplaced
below the present-day Cerro Colorado Mountains.
The south-central part of the Cerro Colorado aeromagnetic anomaly encompasses
a region of unnamed mountains southwest of the Cerro Colorado Mountains. The details
of fault configurations in those mountains, east of Ranch Seco and west of Cerro
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Colorado, have been mapped by Keith and Theodore (1975) and differently by Knight
(1970). Knight’s detailed map shows the pattern of faulting (Figure 11) to be more
branching in character than does the map of Keith and Theodore, but the same
interpretation can be made from the two fault distributions. The area exhibits evidence
that it was intruded and domed, and aeromagnetic data indicate that the area probably was
deformed by the same intrusion that lies below the Cerro Colorado Mountains. The
suspected intrusion here probably is of Tertiary age, as evidenced by the faults cutting
Oligocene and Miocene rhyolitic rocks of the Cerro Colorado Mountains. Plate HI shows
several anomalous zones that correspond to the faulted areas and the high gradients of the
aeromagnetic anomaly map.
Jones (1957,1958) describes some structures in the Cerro Colorado mining district
as easterly trending fault zones encompassing an arcuate group of quartz porphyry dikes
and sills; in addition, the Jones map shows a fault pattern similar to that of Knight (1970),
in the same area. Jones suggests that the arcuate pattern may indicate an unexposed
upward-thrusting intrusion. This suggested interpretation agrees with both the general
fault configuration and the patterns of aeromagnetic anomalies, including the easterly
trends of both the faults and the steep gradients in the aeromagnetic map.
Riggs and Haxel (1990) provide a small-scale map showing a fault pattern in the
Las Guijas Mountains that suggests deformation above an ascended intrusion, but the
pattern is not evident on other geologic maps, including the sources for the present map
(Plate I), and there is no high gradient on the aeromagnetic map (Plate II) and only minor
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Figure 11. Fault distribution, Cerro Colorado Mountains area. Faults are redrawn from
Knight (1970).

85

anomalies on Plate III. The lack of concordant evidence, therefore, does not permit the
supposition of a dome intrusion there.
One other area, in the center of the geologic map, shows a pattern of faults (Figure
12) that would indicate domal uplift. The locality lies approximately 5 km east of
Arivaca Ranch, east and northeast of Jalisco Ridge, and includes Apache Canyon and
Murphy Canyon.

This cluster of faults transects a broad range of rock units. The

outcrops range in age from Triassic-Jurassic volcanic and sedimentary rocks to Tertiary
(Miocene and Oligocene) igneous and sedimentary rocks. The deformation may be the
result of either a remarkably young intrusion below the surface or rejuvenated faults from
an earlier intrusion event. There is no obvious aeromagnetic anomaly pattern on the map
that is associated with this group of faults, and Plate HI exhibits no extensive pattern of
spectral anomalies that are associated with the cluster.
Seaman and others (1995) report that the Aliso lava dome in the Tumacacori
Mountains is composed of flow-banded, middle Tertiary rhyolite and dacite.

Row

stratigraphy and inclusions suggest complex mingling of the magma, possibly within the
magma chamber. Seaman and Foss (1990) conclude that the rocks in the Atascosa and
Tumacacori Mountains have characteristics that are common to caldera-environment
rocks, but that no direct evidence of a caldera has been identified. Lipman and Hagstrum
(1992) discuss the distribution of large volcanic centers, termed "calderas" by them, in
south-central and southeastern Arizona. That work briefly reviews aspects of the Pajarito

8 6

IN PEAKS A

Figure 12. Faults and general geology, central project area. Units and symbols are
explained on geologic map.
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Mountains caldera and the thick sections of Jurassic, intra-caldera, dacitic, welded tuff and
apparent slide blocks.
Another arcuate set of faults is mapped in the southeastemmost part of the project
area, encompassing the northern and northwestern parts of the Pajarito Mountains north
of the international border. The number and density of faults are not great, but they have
an arcuate configuration and branching intersection pattern similar to that describe by
Wisser (1960). The general pattern of this group of faults is elongate in the westnorthwest direction, like the western, Cobre Ridge, fault set. The aeromagnetic map
(Plate II) shows few steep gradients that could be attributed to this group of faults. A
lack of pronounced aeromagnetic anomaly contrast, however, may be attributable to the
extraordinarily thick volcanic sequence across the southwestern quarter of the project area.
Riggs and Busby-Spera (1991) also describe the thick volcanic strata of the Cobre
Ridge and Pajarito Mountains areas as the products of a caldera environment.

An

extensive lithologic sequence, called by them the "strata of Cobre Ridge" and the "tuff
of Pajarito," is reported (Riggs and Busby-Spera, 1991) as Middle Jurassic, with an
estimated age of approximately 170 Ma. The tuff of Pajarito is described as having
locally intense hydrothermal alteration.
The Cobre Ridge area and the Pajarito Mountains are thought by Riggs and
Busby-Spera (1991) to be a single, large, elongate caldera, which they refer to as the
Cobre Ridge caldera. The caldera they envision encompasses the faults of both areas,
which are shown on the geologic map (Plate I). Those two areas exhibit distinctly

88

separate fault patterns, however, which suggests that there are two separate calderas or
intrusions in the respective areas.
Riggs and Busby-Spera (1991) also conclude that the Cobre Ridge caldera as they
delineate it subsided as two separate blocks that correspond to the two distinct fault
groups on the geologic map (Plate III). The Riggs and Busby-Spera paper concludes that
the northwestern portion subsided first in the initial eruption and again in subsequent
eruptions, accumulating more than 1,500 m (5,000 ft) of volcanic and volcaniclastic strata
in the region of Cobre Ridge. The southeastern portion, in the Pajarito Mountains area,
reportedly subsided to greater depths, accumulating ignimbrite as thick as 3,000 m
(10,000 ft).
Restoration of the Oro Blanco and Ruby faults, as shown in Figures 6 and 8
reveals a large, arcuate anomaly of semicircular plan, in the centers of the fault-restored
images. The faults transect the anomaly west of the center, and the weathering anomalies
of the Tumacacori Mountains and Cobre Ridge (Plate IE) form the east and west rims of
the anomalous, northwest-opening, semicircular arc.
The semicircular shape of the feature suggests that it could be related to an ancient
caldera or other eruptive center, especially in the context of the abundant volcanic rocks
in the region. No fault patterns indicating a large dome intrusion can be correlated to this
structure, however. Lipman (1984) observes that, in many calderas, deviations from a
circular shape reflect influence of regional structures, and that may be the situation with
regard to the cross-cutting faults mapped in this investigation.
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The division between the two portions of the caldera envisioned by Riggs and
Busby-Spera (1991) corresponds to the zone of the Ruby and Oro Blanco faults. The
restoration of the faults, however, displaces Cobre Ridge relatively northward from its
present location, separating the Cobre-Ridge (northwestern) caldera segment of Riggs and
Busby-Spera even further from their Pajarito (southeastern) segment.

The restored

configuration on the weathering-ratio image, moreover, shows the Cobre Ridge portion
to be associated instead with the large, northwest-opening anomaly (Figures 6 and 8),
which itself appears to be the expression of a separate caldera. The recognition of this
large, arcuate pattern substantiates the conclusion of Riggs and Busby-Spera that a large,
Jurassic caldera existed in the Cobre Ridge region; a significant difference is that the
Cobre Ridge segment appears to be part of a distinct, northern caldera, and the Pajarito
Mountains may represent a separate, but related, caldera. The interpretation of separate
calderas is also indicated by the fault pattern in the western Pajarito Mountains (Plate I).
The fault pattern south and southwest of Cobre Ridge (Figure 10) indicates that a third,
distinct, dome intrusion lies there.
The fault patterns in the southern part of Cobre Ridge and in the adjacent areas
to the southwest and southeast (Figure 10) lie in a broad arc that suggests a separate
caldera system that may have been reactivated in Tertiary time as described above. Steep
gradients in the aeromagnetic anomalies of this same area also substantiate the caldera
interpretation here.
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The similarities in eruptive materials described by Riggs and Busby-Spera (1991)
perhaps result from similar magmatic sources below the caldera systems. Lipman (1984)
indicates that extensive ash-flow eruptions associated with collapsed calderas are related
to batholith-size intrusions below. This suggests that similar magmatic material could be
sufficiently abundant and extensively available to supply both of the calderas in the Cobre
Ridge area as well as the Pajarito Mountains volcanic deposits.
Lipman and Hagstrum (1992) address the possibility of the Jurassic calderas that
they describe being the site of significant economic mineral deposits. The Jurassic pluton
at Bisbee is cited as a credible analogue, and Lipman and Hagstrum offer the idea that
the rich Bisbee deposits might represent a deep exposure of a Jurassic caldera system that
developed through a thick section of carbonate strata.
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CHAPTER 7
CONCLUSIONS
The Arivaca region has yielded extremely rich ore from numerous small mines
widely distributed across the province, which leads to speculation about intrusions that
could have generated the necessary heat and fluids for ore formation across the area. The
initial evidence of undiscovered intrusions or calderas around Arivaca was derived from
aeromagnetic profiles across the region during the mineral resource assessment of
Coronado National Forest lands. These data have been corroborated by other lines of
evidence. Figure 13 illustrates the approximate locations and extents of the domes,
calderas, and the spectral anomaly identified in this investigation.
A. Aeromagnetic Data and Intrusions
The profiles and contour maps of aeromagnetic anomalies suggest the possibility
of one dome intrusion in the southwestern portion of the map area. That recognition was
the conceptual foundation of this project to determine if such features might be discovered
and mapped. The investigation of the aeromagnetic data showed that at least two, large,
approximately elliptical anomalies can be discerned, based on the steep gradients around
the anomalies. Those anomalies are in the areas of Cobre Ridge and the Cerro Colorado
Mountains. The aeromagnetic data alone are insufficient to determine the presence of the
presumed structures, so additional data has been examined to find supporting evidence.
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Several areas of faulting that suggest doming by intrusions have been identified.
The surface fault pattern at Cobre Ridge bears a notable resemblance to the patterns both
in other mineral districts associated with buried intrusions and above experimental models
of domed rocks.

Aeromagnetic anomalies, mapped fault patterns, and weathering

anomalies (Plate III) are elongate to the west-northwest and generally elliptical in shape.
Fault clusters in, and southwest of, the Cerro Colorado Mountains (Figure 11)
indicate dome intrusion or intrusions, based on similarities to fault patterns over known
domes (Wisser, 1960). Those similarities and the descriptions of Jones (1957), Smith
(1966), and Knight (1970) sustain the interpretation that a dome intrusion may be present
below the Cerro Colorado Mountains.

The aeromagnetic patterns and weathering

anomalies on Plate HI support the concept of buried intrusions.

The age of the

deformation probably is Tertiary, as evidenced by the faults cutting Oligocene and
Miocene rhyolitic rocks of the Cerro Colorado Mountains.
A faulted area in the center of the geologic map and in Figure 12 shows a pattern
that could indicate a dome. The faults transect rock units from Triassic-Jurassic to
Tertiary (Miocene and Oligocene) age, indicating either a remarkably young intrusion
below or rejuvenation of faults formed in an earlier intrusion. No obvious aeromagnetic
anomaly corresponds to this group of faults, and there is no extensive or abnormal
weathering pattern indicated on Plate III.
The northern Pajarito Mountains, in the southeastern part of the project area, have
an arcuate, diverging pattern of faulting. There are few mapped faults, but the arcuate,
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branching pattern suggests an intrusion below. Lack of aeromagnetic anomaly contrast
may be due to the thick volcanic sequence across the southwest part of the area.
Elsewhere, a small number of faults north, south, and west of Atascosa Peak and
striking generally to the north and northwest may also be attributable to an intrusion.
Configuration of the fault set suggests that the group could be related to the Cobre Ridge
dome, but the distance is far. The faults, alternatively, could be related southward to the
Pajarito caldera of Lipman and Hagstrum (1992), or they may correlate to another
intrusion. There is no corresponding aeromagnetic anomaly might be the result of the
thick volcanic rocks in the area.
B. Image Analysis
The mining activity in the Arivaca region through the last two centuries developed
local, rich deposits, but little published work considers the regional aspects of
mineralization. Thematic Mapper images offer a splendid means to examine a region
efficiently in all phases of an exploration program, and a Landsat 5 Thematic Mapper
digital image was processed to aid in the assessment of possible alteration in this regional
evaluation.
A band-ratio image map was produced to map anomalous weathering patterns
(possibly related to hydrothermal alteration) in the project area. The image map that was
produced is a three-channel, false-color composite of three Thematic Mapper band ratios.
The first channel is a ratio of band 5 to band 7, used to display areas of possible clay
alteration, and this channel is displayed as red tones on the interpretation base image.
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The channel displaying oxidized iron is derived by dividing band 3 (visible red) by band
1 (visible blue) and shown in tones of green on the interpretation image. The blue
channel of the ratio-image is produced by dividing band 5 by band 4, showing areas that
are relatively clear of vegetation.
The ratio image produced by this technique is the interpretation base on which
areas containing both large amounts of clay and large concentrations of iron oxides are
displayed in image tones of deep orange to bright yellow. That range of colors is
produced by the color addition of red and green in various levels of brightness. The ratio
image was interpreted to produce Plate

ID.

Anomalous areas on Plate

in coincide with

the approximate extent of the Cobre Ridge and the Cerro Colorado dome intrusions, as
indicated by structural and aeromagnetic evidence.
The Oro Blanco and Ruby faults offset differences in weathering and were
recognized by those differences. Cross-cutting and overlapping relationships indicate that
these faults were active in Late Jurassic time: Lower-Cretaceous Bisbee Formation strata
show no disruption by the faults.
C. Tectonics
The identification of the Oro Blanco and Ruby strike-slip faults in the southcentral part of the area contributes greatly to the understanding of the regional geological
evolution. The expressions of the faults are sufficiently clear to allow reconstruction to
pre-deformation positions, based on correlation and continuity of image patterns across
the restored faults.

The fault-restored image shows recognizable continuities in the
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possible alteration areas and in numerous other image patterns. A large, arcuate pattern,
opening to the northwest, is a well-defined new image feature that appears across the
restored faults. The shape of that feature suggests that it could be the segment of a
caldera edge or similar volcanic or intrusive structure. The aeromagnetic anomaly data
exhibit no indication of this feature, perhaps owing to the northerly strike of one large,
arc segment or to the wide spacing of the aeromagnetic survey flight lines.
Strike-slip faulting significantly affects the tectonic evolution of any region. The
area surrounding a strike-slip fault may undergo folding, which affects the local
configuration of an evolving basin, and, of interest to mineral exploration, the fault
generates a complex zone of secondary faulting about it. These zones may endure as
avenues or conduits for subsequent, mineralizing fluids. Parts of the fault south of the
Austerlitz area (Plate I) may be reactivated segments of the Oro Blanco fault.

The

localization of the Laramide Austerlitz group of mines near the Oro Blanco fault could
represent this sort of influence on the pattern of subsequent mineralization. Offset across
either the Ruby or Oro Blanco fault could have displaced ore deposits or mineralization
trends several kilometers.
D. Recommendations for Future Work
The intricacies of the geology in the greater Arivaca region offer subjects for
further investigations. The NURE aeromagnetic survey has a wide line spacing that limits
the detail that can be resolved. Better resolution could provide significantly greater
details about some of the possible calderas or intrusions discussed above. Flight patterns
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that are more closely spaced than those of the NURE data might reveal more structural
information about the strike-slip faults, especially if the flight lines were either orthogonal
or oblique to the strike of the faults. The NURE flight lines lie nearly parallel to the
faults, which affords minimal contrast for identifying the structures.
Remote sensing investigations of potential hydrothermal alteration would be vastly
improved by

the acquisition of high-spectral-resolution, high-spatial-resolution,

hyperspectral image data of the region.

This could permit identification of mineral

species that may demonstrate hydrothermal alteration, allowing either more definitive
classification or exclusion of that alteration type as an operative mechanism in a given
area.
Detailed mineralogic analyses of surface samples from both the spectrally
anomalous zones and from the surrounding exposures would be of considerable value in
determining the validity of the weathering anomaly classifications.
Understanding of the regional geology may be greatly improved by widespread
radiometric dating in the area to determine the ages of the units mapped by various
workers and to aid correlation of the igneous units.
Further information about the nature of the structures identified here would be
provided by drill holes that could be carefully placed and drilled to adequate depths to
test the stratigraphic sequence and the structural deformation associated with the
recognized features.
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Tuc of Drewes (1980), and unit QTg of Drewes (in press)
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PLA TE II

DEPARTMENT OF GEO SCIENCES
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DESCRIPTION OF MAP UNITS
/ —3 0 0 —* MAGNETIC CONTOUR-Hachured where contour encloses a magnetic low.
(

Contour interval is 20 nanoteslas (nT).

All other map symbols are explained in the text of the geologic map (Plate I).

SUMMARY OF ANALYSIS
The data base is a portion of the archival aeromagnetic data from the National Uranium
Resource Evaluation (NURE) program. The data were acquired in 1979, and segm ents of
11 aeromagnetic profile lines cross the project area. The lines were flown in north-south
directions at a nominal 3-mi (approximately 5-km) spacing. Tie lines were flown in east-west
directions at line intervals of 30 mi (approximately 50 km) and along the U.S.-Mexico border.
Point samples are reduced to the extent that latitude and longitude of each point were
determined, and the data have been corrected for diurnal drift as measured at a base
station, and the International Geomagnetic Reference Field (IGRF) values have been
subtracted from the point data. Data points were excluded where terrain clearance was less
than 300 ft (approximately 90 m) or greater than 700 ft (approximately 210 m); mean terrain
clearance was 400 ft (approximately 120 m). Measurements were recorded at 50-ft
(approximately 15-m) intervals along each flight line. The resulting data, as a consequence
of the differences between point spacings within and between lines, display a pronounced
bias along the direction of the flight lines. The wide spacing of the flight lines is suitable for
displaying regional-scale anomalies having a half-wavelength of 6 mi (approximately 10 km)
or more (Gettings, in press). The magnetic anomaly point measurements were gridded and
machine contoured using .he minimum curvature method (Godson and others, 1988,
Webring, 1981).
It is useful to display the aeromagnetic data as a contour map in order to compare the
spatial associations of aeromagnetic anomalies with the mapped geology. A series of
anomalies having magnitudes of about -200 to -100 nanoteslas (nT) lie generally in the
southwestern quadrant of the project area. The configuration of these anomalies defines
an arcuate or angular pattern opening to the south. The shape and position of this group
of anomalies corresponds to a broad, arcuate pattern of faults that markedly resembles the
patterns of faults developed over experimental domes (Wisser, 1960). The region of the
Cerro Colorado Mountains, in the central part of the northernmost edge of the project area,
exhibits steep aeromagnetic anomalies from minima less than -600 nT to as much as -20
or 0 nT. The abrupt changes in these values suggests the presence of a buried intrusion.
This group of anomalies, like those in the southwestern area, occur in association with a
branching fault pattern that could be related to doming (Wisser, 1960). Other groups of
faults that suggest dome intrusions are shown on the geologic map, but the line spacing of
the aeromagnetic survey does not allow correlation of those structures with anomalies
presented here.

REFERENCES CITED
Gettings, M.E., in press, Some inferences of geological structure from gravity, magnetic, and
spectrometric field data in the Coronado National Forest, in Bray, E.A. du, ed., Mineral
resource potential and geology of Coronado National Forest, southeastern Arizona and
southwestern New Mexico: U.S. Geological Survey Bulletin 2083-B.
Godson, R.H., Bracken, R.E., and Webring, M., 1988, PCCONTUR version 1.0: A
microcomputer general purpose contouring program: U.S. Geological Survey Open-File
Report 88-593A-D, 30 p.
Webring, M., 1981, A gridding program based on minimum curvature: U.S. Geological
Survey Open-File Report 81-1224, 43 p.
Wisser, Edward, 1960, Relation of ore deposition to doming in the North American
Cordillera: Geological Society of America Memoir 77, 117 p.
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Gettings of the U S. Geological Survey.
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DESCRIPTION OF MAP UNITS

A

Area of interpreted hydrotherm al alteration— Includes outcrop units of
various lithologic types and ages. Presumed alteration is from at least two
episodes of alteration, as indicated by cross-cutting relationships across
faults. Designated zones pertain only to outcrops.

— — —- Strike-slip fault— Approximate trace and extent as interpreted from patterns of
presumed alteration on ratio image.
All other map symbols are explained in the text of the geologic map (Plate I).

SUMMARY OF ANALYSIS
The interpretation data base is a portion of a Landsat 5 Thematic Mapper (TM)
image that w as acquired on 1 April 1987. The image has been resampled to Universal
Transverse Mercator projection, using the nearest-neighbor method to maintain spectral
fidelity. Haze values were determined and subtracted from image data of each band.
Five TM bands, 1, 3, 4, 5, and 7, were used to produce the alteration ratio image.
TM band 1 records the spectral interval 0.45-0.52 pm, corresponding to the blue-green
portion of the visible spectrum; band 3 records the 0.63-0.69 pm interval, which is the red
portion of the visible spectrum; band 4 records near-infrared, reflected radiation in the
0.76-0.90 pm interval; band 5 records mid-infrared, reflected radiation in the 1.55-1.75 pm
interval; and band 7 records mid-infrared, reflected radiation in the 2.08-2.35 pm interval.
TM band 1 is used as the b a se in a ratio with band 3 data in order to determine the
relative amount of red color in the visible spectrum. TM band 3 (visible red) is used to
determine surface expressions of ferric oxides, based on the generally reddish or
yellowish appearance of ferric oxide minerals. TM band 4 is used for mapping vegetation,
owing to the large reflectance values of healthy vegetation in the near-infrared spectrum.
TM band 5 is designed to encom pass the high-reflectance interval of clay minerals; this
band also corresponds to reflectance peaks of carbonate-mineral spectra. TM band 7
records respective troughs in the reflectance spectra of both clay and carbonate minerals.
The alteration image is a three-channel, false-color composite of three band
ratios. Channel 1, which is displayed in red on the original ratio image, is a ratio of band 5
to band 7; channel 2, which is shown in green on the ratio image, is a ratio of band 3 to
band 1; and channel 3, shown in blue on the original ratio image, is a ratio of band 5 to
band 4. Channel 1, therefore, portrays the relative abundance of carbonate and, of
particular interest for the mapping of hydrothermal alteration, clay minerals. Channel 1
also records healthy vegetation because of similar spectral profiles. The vegetation
influences are removed by classifying areas dominated by vegetation using a ratio of band
4 to band 3, and masking those pixels in the band 5/band 7 ratio image. Channel 2, the
ratio of visible red to blue, show s areas that are visually reddish or yellowish; such surface
coloration is attributable to ferric-iron compounds. Channel 3 depicts areas of sparse
vegetation coverage.
An area is interpreted as potentially hydrothermally altered if its values of the
band 5/band 7 ratio in combination with the values of the band 3/band 1 ratio are greater
than those in the surrounding region of the image. Such an area appears as a yellow or
orange color, and the surrounding areas commonly appear in hues of blue, cyan, or green.
Offset patterns of possible hydrothermal alteration reveal two sinistra), strike-slip
faults that are traceable northward from the international border into the middle of the
mapped area. The two faults are discernible by the contrasting patterns across them in
the alteration-ratio image. Fault displacements are estimated by sliding the faulted blocks
dextrally and without rotation along the fault traces to pre-fault positions. The pre-fault
restorations are estimated by the visual realignment of distinct tonal variations and
lineations. The horizontal displacements estimated this way are 5 km across the western
fault and 3.5 km across the eastern fault.
Three tonal anomalies help to define the blocks that are segmented by the strikeslip faults. The anomalies can be seen, from west to east, in the Cobre Ridge area, Oro
Blanco Wash-Chimney Canyon area, and the Jalisco Ridge-Bartolo Mountain area. Upon
restoration to pre-fault configuration, these tonal anomalies becom e aligned to form an
arcuate shape that is concave northward.
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