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PREFACE

The Bernardino Volcanic Field is named for the now-abandoned 

settlement of Bernardino (Bernardino Station) on the abandoned El Paso 

and Western right-of-way which parallels Highway 80 in the study area. 

This place name appears on most modern maps, including the topographic 

base map and the most recent Arizona state geologic map by Wilson,

Moore and Cooper. I have used the name "Bernardino" instead of San 

Bernardino (the valley name) because significant portions of the field 

lie outside the San Bernardino Valley. Also, it avoids confusion with 

the city and county of San Bernardino, California. The name "Bernar

dino basalt" is proposed for the basalt volcanic rocks of the field. 

The Bernardino basalt is the same as the San Bernardino basalt of R. C. 

Epis.

All geographic positions in the report are given in minutes of 

latitude and longitude rather than by use of the state land survey 

system. Large parts of the Coronado National Forest are not surveyed 

into the system, and the system does not apply at all to Mexico. In 

addition, some confusion night arise from the use of two state survey 

grids. Minutes of latitude and longitude are sufficient since the 

entire area lies north of 31° II latitude and west of 109° W longitude. 

A position listed at 15-17 in the text lies at 31°15t N, 109°17' W.

I wish to offer my profuse thanks to those who helped me in 

the pursuit of my studies. American Metals Climax, through a grant to 

The University of Arizona, provided funds to purchase the USGS large
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scale aerial photographs. Dr. Laurence Lepley of the Office of Arid 

Lands Studies provided ITASA high-altitude color photographs of part of 
the study area. Jon Earl, John Hoelle, Carlos Aiken and Herbert Webi

nar accompanied me into the field on many occasions. Robert West 

aided me in conducting the gravity survey and gave me many helpful sug

gestions in making the structural interpretation of the gravity data. 

Robert Staley lent me his pickup truck to use as a field vehicle, and 

then he drove all the way from Tucson to fix it when it broke down 

many miles from the nearest habitation.

Students of the University of Arizona Coronado Ranch summer 

geology field camp measured sections in Paramore Crater in the blazing 

June sun, which allowed me a better understanding of some of the prob

lems there. Finally, I wish to thank Dr. John Guilbert who directed 

my attention to the ultramafic nodules in the Bernardino Volcanic 

Field, and the members of my committee who critically reviewed this 
manuscript.
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ABSTRACT

The Bernardino Volcanic Field of Arizona is a Late Cenosoic

alkali-olivine basalt field which contains abundant ultramafic nodules.

Lava flows, interbedded with gravels to about 250 n depth, cover an
2area of about 850 kn , Five tuff rings, two of which surround najor 

depressions, are found here.
The Bernardino Volcanic Field and the Aninas Volcanic Field to 

the northeast lie on a HUE trending line which crosses the ii-S struc

tural grain of the surrounding Basin and Range province. The south 

30 kn of the San Simon Valley and several aligned groups of agglutinate 

cones are parallel to this trend. The location of the volcanic fields 

is probably the surface reflection of the site of magma generation 

witliin the upper mantle, the magma having risen along faults and fis

sures created by the Basin and Range orogeny.

Analysis of the Bouguer gravity anomaly indicates the San 

Simon Valley is a symmetrical graben and the San Bernardino Valley is 

an asymmetrical graben with the master fault on the west side. Lime

stone outcrops projecting through gravel and lava flows and a gravity 

high indicate shallow bedrock on the east side of the San Bernardino 

Valley. The San Simon Valley graben terminates on its southern end 

against a buried scarp which has no surface expression. Seven hilltop 

volcanoes on the southeastern ridges of the Cliiricahua Mountains lie 
along the trace of this buried feature.

x



xi
Positions and attitudes of the oldest closed basalt flows, 

found in the nountains on both sides of the San Bernardino Valley, 

suggest eruption onto an old pediment. The start of volcanic activity 

may have been contemporaneous with uplift of the mountains relative to 

the valley and the beginning of pediment erosion. Current tectonic 

activity in the area is evidenced by the untrenched alluvial fans on 

the Chiricahua Mountain front and other, more subtle, geomorphic 

features. •
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INTRODUCTION

Scope and Purpose of the Investigation

The Bernardino Volcanic Field is one of several Late Cenozoic 

olivine basalt fields in the southwestern United States and Mexico 

which have ultramafic nodules associated with the basalts. The ultra- 

mafic nodules are fragments of rock having low SiO^ content whose 

minerals are stable under the high pressure and temperature conditions 

of the upper mantle. This general geologic investigation of the vol

canic field is preliminary to a more detailed study of the basalts and 

the ultramafic nodules they contain.

No detailed geologic study of the Bernardino Volcanic Field 
has been made prior to this study. Approximately 30 field days were 

spent in the area gathering geologic and geophysical data. Specific 

details of the investigation are discussed in the appendices. Although 

the volcanic field extends approximately 10 km into Mexico, practical 

considerations, such as time and accessibility of that part of the 

area, have prevented ny doing any field work there.

Location and Accessibility

Most of this volcanic field lies in the southeastern comer of 

Cochise County, Arizona, with extensions south into the state of Sonora, 

Mexico, and east into Hidalgo County, New Mexico (Fig. 1). The study 

area is bounded by 31O10* N and 31°$0* N parallels of latitude and by

1
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109°00* W and 109°251 W meridians of longitude. Topographic maps 

vhich cover the area are discussed in Appendix I.

IT. S. Highway 80, a paved, two-lane road which joins Lordsburg, 

New Mexico, with Douglas, Arizona, passes through the Bernardino Vol
canic Field (Fig. 2), The southern end of the field is crossed by the 

Geronimo Trail, a well-maintained gravel road near the international 

boundary which joins Douglas with Animas, New Mexico. Another well- 

maintained gravel road crosses the area between the Pedregosa Moun

tains and the Chiricahua Mountains and joins Highway 80 near the 

center of the study area. Other roads narked on the topographic maps 

range from good to non-existent. Most are ranch roads, passable only 

in high-clearance vehicles.

All land in the study area, except for the Coronado National 
Forest, is either owned or leased by cattle ranchers. The ranchers 

have been cooperative in allowing me to do field work on their ranches 

and to use their roads. Many ranchers are understandably hostile to 

visitors who fail to get permission to enter their ranches and who 

leave gates open. They have specifically requested that vehicles not 

be driven off established roads because feed must be trucked to cattle 

in dry seasons, and the cattle will follow any new tracks.

Other Investigators

N, H. Darton was the first geologist to publish any description 

of the Bernardino Volcanic Field (Darton,1933). However, his guidebook 
to the geology along the Southern Pacific Railroad from New Orleans to
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Los Angeles was of such large scope that few details could be covered. 

Barton concluded that the Bernardino Volcanic Field is the result of 

fissure eruptions.

R. C, Epis (1956) studied stratigraphy and structure in the • 

Pedregosa Mountains northwest of the San Bemadino Valley (Fig. 3).

He mapped the features of the Bernardino Volcanic Field which were . 

within his study area and made some preliminary petrographic studies 

of the basalt. Except for noting the structural control of the Half

moon Valley cone, he drew no conclusions concerning the nature of the 
volcanic field.

The first chemical investigations of the Bernardino basalt 

were made by C. J. Halva (1961), who examined the Cenozoic basalts of 

southeastern Arizona on the basis of selected major and trace element 

abundances. He concluded that most of the "basalts" in the region were 

basaltic andesites, being more felsic and richer in I^O and MagO than 
his reference average oceanic basalt. He noted that hand specimens of 

the Bernardino basalts were different in appearance from other basalts 

of the region, and by chemical analysis they are of more "basic" 

composition.

Two University of Arizona geology students, T. N. Dirks (1966) 

and R« J. Kelly (1966) (Fig* 3), mapped the stratigraphy and structure 

of the limestone hills on the east side of the San Bernardino Valley 

near the international boundary. Both authors mention the nearby 

basalts, but neither conducted any investigation of the volcanic field.

Darwin Marjaniemi (1969) made a detailed geochronologic study 

of the Tertiary rhyolites in the mountains surrounding the Bernardino

5



6

t M AR J ANTe m 'i" 1^69

COOPER 1959

CHIR ICAHUA M TS.

THIS REPORT

WRU
BROMF

K E L L Y

DIRKS

M E X IC O

Fig. 3. Key to the Location of Areas Studied by Other Investi
gators in the Vicinity of the Bernardino Volcanic Field.



Volcanic Field (Fig, 3). His main investigation concerned the age and 

origin of the rhyolites in the Chiricahua Mountains,

Wrucke and Bromfield (1961) mapped the southwestern part of 

Hidalgo County on a reconnaissance basis (Fig, 3)# While they did - 
note the presence of olivine basalt interlayered with older alluvium 

near the head of Clanton Draw on the east slopes of the Peloncillo 

Mountains, their map did not extend far enough north to include the 

segments of the Bernardino Volcanic Field which lie in the San Simon 
Valley,

J, R, Cooper (1959) compiled a reconnaissance map of the 

southeastern part of Cochise County which delineates the limits of the 

Bernardino Volcanic Field, However, he did not map locations of any 
vents or other features.

The volcanic field is displayed on the state geologic map of 
Arizona (Wilson, Moore and Cooper, 1969) and on the geologic map of 

Cochise County (Arizona Bureau of Mines,1959 )• The state geologic map 

of New Mexico (Dane and Bachman, 1965) shows only the small vent east 

of Rodeo, The larger vent and flow area 10 km (6 mi) south of Rodeo 

was not mapped. The extension of the volcanic field in Sonora is not 

shown on the Carta Geologica de Mexico (Sanchez-Mejorada, I960),

Regional Setting and Drainage

The Bernardino Volcanic Field lies in the southern Basin and 

Range Province, between the Colorado Plateau to the north and the 

Mexican Highlands to the south (Fig, 4). This area has been involved 

for the past 25 million years in the Basin and Range orogeny, an

7
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orogeny characterized by vertical movements and predominantly normal 

faulting. The drainage in the region has been controlled by tectonic 

effects during the course of this orogeny.

Several of the nearby basins, including the large area to the 

east which extends from the Animas Valley to the Rio Grande Graben, 

presently have internal drainage. The entire region had internal 

drainage from the end of the Eocene period, both the San Pedro and 

San Simon Rivers having become established only recently (Kottlowski, 
Cooley and Ruhe, 1965).

Southward-flowing drainage in the San Bernardino Valley is 

well established, with the major stream having a gradient of about 

11 m/kn (55 ft/mi). Headward erosion to the north has been effectively 

halted by the lava flows except for Silver Creek, one of the western 
tributaries, which is cutting headward and has increased its drainage 
area by stream capture in the recent past.

To the north, surface drainage in the upper San Simon Valley 

is not well established. No definite stream channel can be found in 

the center of the valley where the floor of the valley slopes northward 

with a grade of less than 4.5 m/km (23 ft/mi). Water flowing into the 

valley apparently percolates underground in the central reaches of the 

alluvial,fans. North of the study area, some swamps occur in the cen

ter of the valley, but a well-established surface drainage pattern 

does not occur closer than 30 km to the northern border of the area.
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Climate

Precipitation, in its nature and amount, is the major control 

of geomorphic process in the region. This part of the southwestern 

United States and northwestern Mexico is presently in an arid climatic 

zone where the evaporation exceeds the precipitation and few perennial 

streams flow. The average rainfall measured in the Sulphur Springs 

Valley by the National Heather Service is about 40 cm (16 in.) per 

year (staff meteorologist,personal communication).

A minor amount of this precipitation falls in the winter 

months as rain in the valleys and as snow in the higher mountains*

The runoff from the winter rains does relatively little erosional work 

although this moisture probably causes most of the mechanical weathering 
through frost action.

Most of the rain falls during the months of July, August and 

September from violent convective storms which dump large amounts of 

water on small areas, creating short-lived torrents with prodigious 
carrying power. These "flash floods" are responsible for most of the 

erosion and deposition in the area.

While the climate is presently arid, it has not always been so. 

Fossil pollen evidence indicates that a cool-humid climatic period 

ended less than 10,000 years ago (Martin,1963). Pleistocene lakes 

have occupied many of the nearby valleys (Reeves, 1969; Haynes,1969).

This variability of climate makes difficult the interpretation of 

recent geologic history from geomorphic evidence.



AREAL EXTENT GF THE BASALTS 

The Bernardino Volcanic Field

Basalt flows of the Bernardino Volcanic Field cover an area, 

of approximately 850 km2(330 mi2) (Fig. 5). The largest area of 

outcrop lies in the San Bernardino Valley with outlying volcanic 

features in the mountains flanking the San Bernardino Valley and in 

the San Simon Valley to the north.

Geomorphic evidence indicates that most of the basalt flows 
lying in the Perilla, Pedregosa and Peloncillo Mountains are older than 

the flows in the valley. Cones and flows in the San Simon Valley and 

the Chiricahua Mountains and a few of the features in the Pedregosa 
Mountains are younger and are probably contemporaneous with the features 

on the San Bernardino Valley floor.

Water wells drilled in the valley penetrate basalt flows at 

various levels (U. S. Geological Survey well log files, Tucson office).

A well southwest of Bowen tuff ring (31-15) terminates in "hard malpai" 

(a local term for basalt) at a depth of 245 m (800 ft).. This inferred 
basalt flow is the deepest of eight recorded in that particular well 

log. Other wells in the valley penetrate basalt flows with the deepest 

flows at depths ranging from 155 m (500 ft) to 215 m (700 ft).

The interlayering of basalt flows with detrital material 

eroded from the nearby mountains is an important feature of the

%
See Preface for explanation of figures.
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volcanic field. The lava flows in the southern and western portions 

of the field are covered by a layer of gravel and are exposed only in 

the stream channels. The exact southern and western edges of the 

volcanic field are only approximately known because of this gravel 
cover.

Other Basalts in the Vicinity 

Unmapped portions of the Bernardino Volcanic Field are 

thought to exist east of the eastern mapped outcrops. This inference 

is based on the collection of basalt cobbles, similar in petrography 

to the basalt flows in the valley, from Cottonwood Creek upstream from 

the highest tributary canyon which could yield fragments from mapped 

flows. The outcrops from which the cobbles came cannot be identified 

on the photographs, and no ground search has been made for them.

Wrucke and Bromfield (1961) mapped a small outcrop of olivine basalt 

interlayered with "older alluvium" near the head of Clanton Draw, on 
the Animas Valley side of the Peloncillo Mountains, east of the 

eastern edge of the geologic map (Fig. 6, in pocket). Basalt type and 

mode of occurrence suggest that these are related to the Bernardino 

Volcanic Field.
In the Animas Valley northeast of the Bernardino Volcanic

2 2Field is a basalt field which covers an area of about 390 km (150 mi ) 

(Fig. 5)» Basalt petrography and the relationship of the flows to the 

alluvium are similar to the Bernardino basalts (Gillerman, 1958). It 

seems reasonable to believe that the Animas basalts were erupted at



u

about the same time as the Bernardino basalts and may be genetically 
related.

Basalts occur west of the Perilla, Pedregosa and Chiricahua • 

Mountainso Outcrops of basalt in the mouth of Rucker Canyon (west 

center, Fig. 5), which were mapped by Cooper (1959) as Tertiary 

basalt, are darker in color and contain less olivine than the Bernar

dino basalts. Only a few isolated outcrops remain of what was 

probably a small lava flow. On geomorphic evidence, these rocks 

appear much older than the oldest Bernardino basalt.

East of Douglas are two erosional remnants of basalt which 

were lumped by Cooper (1959) with the Bernardino basalts as "Quater

nary basalt." Samples from the northern exposure contain much more 

plagioclase than the Bernardino basalts and no visible olivine. On 

the basis of hand specimen petrography, this rock appears to be 
unrelated to either the Bernardino basalt or the older basalt to the 
north.

"Red and black malpai" were encountered in three water wells 

drilled in the city of Douglas. Unfortunately, no description of this 

rock is available, but it may be related to the nearby basalt outcrops.

On the basis of petrography and mode of occurrence, I believe 
the basalts encountered east of the Bernardino Volcanic Field to be 

related to the Bernardino basalts, and those encountered west of the 

field to be older and probably unrelated.



AGE

The age of the Bernardino basalt can only be approximated by 

geologic relations and geomorphic evidence. Interbedding of basalt 

flows with alluvial deposits to a depth of at least 245 m in the center 

of the valley and the sizes of canyons cut through basalt flows (dis

cussed below), are indications of a considerable, if indeterminate, 

period of volcanism. Radiometric age dating of the oldest appearing 

flows will give a better approximation of the time volcanism began in 

the Pedregosa Mountains. If the flow 245 m below the valley floor is 

not the deepest flow, and if the volcanism began in the valley, the 
time of the first eruption will never be known.

Relative ages of the flows and cones can be inferred on depth 

of weathering of the exposed basalt rocks and erosion of lava flow tops 

and margins. These are the same criteria used by Colton (196?) to 

assign relative ages to cones and flows in the San Francisco Volcanic 

Field of north-central Arizona. Colton's classification scheme is of 

only marginal usefulness, and no attempt was made to apply it in the 

Bernardino Volcanic Field.

The basalt flows can be generally classified as "older" and 

"younger" on the basis of appearance, both in the field and on the 

aerial photographs (see Appendix I). The "older" flows are charac
terized by deep weathering of the exposed rock surfaces and an overall 

grey color cast in color aerial photographs. IIo flovtop features

15



remain, and original flow margins have been either eroded away or 

covered with alluvial deposits.

The "younger" basalts are less deeply weathered and show a 

reddish cast in color aerial photographs. Even on the youngest 

appearing flows, the rocks are weathered to a depth of several 

millimeters, and sufficient soil has developed to support abundant 

desert vegetation. The most recent flows have rough, hummocky sur

faces with numerous spines and edges of foundered blocks. Festoon 

banding (arcs convex in the flow direction) can be seen on some flow 

surfaces, mostly in the vegetation patterns.

Attempts to determine the direction of residual magnetism in 

the basalt flows using a small, hand-held flux gate magnetometer have 

not been successful, probably because of lightning-strike modification 

of the residual magnetic field. Residual magnetism in some outcrops 

is sufficient to deflect a Brunton compass needle as much as 20°. 

Further work needs to be done on paleomagnetism, and some problems may 

be overcome by initially orienting the sample by sun compass.

16
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SUMMARY OF THE GEOLOGIC UNITS

Sedimentary rocks of the Bernardino Volcanic Field and 

vicinity were deposited in at least two different geosynclinal 

sequences which were deformed by three major orogenies prior to the 

beginning of the Mid-Cenozoic block faulting. Fragments of the under

lying formations (Table 1), both exposed and unexposed, have been 

brought to the surface by the volcanic activity. Structural control 

of the volcanic vents is partly in the pre-Basin and Range faulting.

PreCambrian

No Precambrian rocks are exposed in the study area, but the 

Cambrian Bolsa quartzite, the oldest unit exposed in the Pedregosa 

Mountains, is everywhere in southeastern Arizona underlain by Pre

cambrian rocks which are in angular unconformity with the basal con
glomerate unit. The first of the three orogenies is responsible for 

the uplift and erosion which created this angular unconformity. 

Numerous fragments of rock similar in appearance to the Precambrian 

Pinal schist have been found in Hans Cloos Crater.

Paleozoic

During the Paleozoic era, the area was part of the Sonoran 

geosyncline, and almost 2500 m (8000 ft) of sedimentary rock was 

deposited, mostly carbonates with minor amounts of sandstone and 

shale (Epis, 1956). A Mid-Paleozoic epirogeny is responsible for a

17
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TABLE 1 Stratigraphic Section

System Formation
and Member

I
Bernardino

basalt
Valley Fill 

alluvium

Brief Description

Alkali-olivine basalt flows and 
pyroclastic deposits

Unconsolidated sands and gravels of 
the coalescing alluvial fans

b
5
£

Mesa Draw fm Sandstones and conglomerates derived
from the Chiricahua rhyolite 
(Pedregosa Mts. only)

Chiricahua
rhyolite

Rhyolite welded tuffs, Lt, grey to 
buff brown crystal lithic and 
crystal vitric ranging from poorly 
to tightly welded. Tightly welded 
units form prominent cliffs.

Hunt Canyon Purple, maroon and green weathering, 
andesite pyrophyllitized andesite flows and

and agglomerates with scattered 
lenses of limestone conglomerate 
and coarse sandstone

Javalina fm

Bisbee group
Cintura
member

Conglomerate interbedded with coarse 
sandstone. Derived from the 
Bisbee gp. with minor fractions de 
rived from underlying formations.

Buff weathering, feldspathic quartz 
sandstone interbedded with maroon 
to red shales and siltstones.
Some sandstones are cross bedded.

3
I

Ocotillo Massive bedded orbitolina limestone
limestone

Lightning Grey fossiliferous sandy limestone 
member with thin sandstone and shale

interbeds.

Saltlick Similar lithology to Cintura member 
member

Thick
ness

250m

JOOQfcm

300+m

150Qtm

800 m 

1200 m

1000 m 

60 m

460 m 

180 m
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TABLE 1 Continued

Bisbee group

Cl
Cottontail Similar lithology to Lightning member 
member

Morita Buff sandstones interbedded with red
member and maroon shales and siltstones.

Similar lithology to Cintura mbr 
but without cross bedding

Glance Basal conglomerate containing frag-
conglonerate ments of the underlying formations

Concha
limestone

BoP h

Scherrer
formation

Epitaph
limestone

5

i

Colina
limestone

Earp
formation

Horquilla

Cherty, fossiliferous limestone 
containing abundant fusulinids. 
Forms prominent cliffs.

Reddish siltstone to quartsitic
sandstone. Surface "case hardens."

Thin-bedded olive-grey weathering 
limestone, relatively unfossil- 
iferous. Large chert nodules are 
found in some beds.

Medium-bedded, massive
limestone, highly fossiliferous. 
Echinoid spines and Omphalatrochus 
gastropods are common.

Interbedded limestones and shales. 
Limestones weather pink to yellow- 
grey, shales are white to light 
grey. A red chert-pebble congloner 
ate or equivalent limestone-pebble 
conglomerate occurs near the middle 
of the section. '

Thin- to medium-bedded limestone with 
interbedded mudstones and red 
shales. Limestone predominates 
near the base. Many beds contain 
abundant chrinoid debris.

180 m

AGO m

45 m

30 m 

100 m

380 m 

300 m

82 Ohm

3006m
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TABLE 1 Continued

Paradise

Escabrosa
limestone

Thin- to medium-bedded limestone with 
interbedded thin shales; weathers 
yellow-brown.

Massive-bedded, coarse-grained lime
stone with low clastic content and 
many beds of crinoid debris. 
Weathers light grey to white and 
forms prominent cliffs.

Portal formation Dari:, fine grained clastic rock with 
=Swisshelm fm thin-bedded limestones (Pedregosa
=Pedregosa fm Mts.) Lithology highly variable
=Martin Is laterally.

El Paso
limestone

Thin-bedded, grey, slabby limestone, 
dolomitic lower portion.

Abrigo
formation

S Bolsa
quartzite

Sandy dolomite upper unit, thin-bedded 
grey limestone lower unit. Gnarly 
thin-bedding and flat pebble con
glomerate is characteristic.

Red-brown, tightly indurated ortho- 
quartzite, resistant to weathering. 
Lower member is conglomeratic. Only 
upper 100 m is exposed in the study 
area.

Pinal schist Interbedded schists, phyHites and
quartzites. Not exposed in the 
study area.

References:
Bryant (1969) 
Kelly (1966) 
Dirks (1966) 
Epis (1956)

/

180 m

400 m

120 m

260 n

180 m

120tm
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hiatus between the Late Ordovician and the Early Devonian. Since the 

hiatus is regional, it probably represents non-deposition rather than 

complete erosion. The Upper Devonian formation which overlies the 

slight angular unconformity on the Ordovician El Paso group shows con

siderable lateral lithologic variation in the region.

Above the hiatus lies almost 2300 m (7500 ft) of Upper 

Paleozoic carbonate rocks, over 1200 m (4-000 ft) of which accumulated 

during Permian time when the area was part of the Pedregosa Basin, an 

extension of the Chihuahua Basin of the Sonoran geosyncline (Epis, 1956, 
Butler, 1969).

Mesozoic

Patches of Triassic and Jurassic volcanic and sedimentary rock 

are found in the surrounding region, but none crop out in the study 
area. Numerous plutons were emplaced in the region during the Middle 

Jurassic (Hayes and Drewes, 1969), and in the region surrounding the 

study area the Paleozoic rocks were deformed by another major orogeny. 

In the Pedregosa Mountains however, there is little angular discordance 

to represent this orogeny (Epis, 1956).

Deposition of the Bisbee group is considered to be a phase in 

the.life of the Sonoran geosyncline. The basal conglomerate and the 

overlying clastic Morita formation are the products of a transgressive 

sea. The Mural limestone, probably deposited in a deep marine environ

ment, lies between the Morita formation and the clastic, lithologically 

similar Cintura formation. Marine deposition in this area ended at 

the close of the Lower Cretaceous.
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The Laraiaide orogeny began to affect the area before the end 

of the Cretaceous. Epis (1956) describes an Upper Cretaceous con

glomeratic formation which overlies the Bisbee group and is derived 

from the Bisbee and underlying formations. Toward the top, it is 

composed primarily of andesitic flows and agglomerates. Sabins (1957) 

describes a similar formation in the northern part of the Chiricahua 

Mountains which is probably equivalent. Both are involved in the 

folding and thrusting of the Laramide orogeny.

Cenozoic

The Laramide orogeny extended into the early part of the 

Tertiary (Epis,1956; Sabins,1957). The youngest of the previously 

described andesites may be of Early Paleocene age (Table 2). After 

the end of the Laramide orogeny, the area was probably quiescent until 

Late Oligocene time when rhyolite ash flows were erupted and covered 
the area. These welded ash flow units, which constitute the major 

rock type of the mountains surrounding the Bernardino Volcanic Field, 

are thought to have originated from a caldera which lies northwest of 

the study area (Marjaniemi, 1969).

Enlows (1955) described nine flow units in the Chiricahua 

National Monument which have an aggregate thickness exceeding 600 m 

(2000 ft) with the base not exposed. Marjaniemi (1969) found over 

400 m (1500 ft) of rhyolite in the central Chiricahua Mountains and 

about 600 M (2000 ft) in the V/eatherby Canyon area of the Peloncillo 

Mountains. Exact correlation of the flow units is difficult because 

of lateral variations in lithology, but at least two eruptive sequences
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TABLE 2 Geochronology of the Cenozoic (after Berggren, 1969)

Age Period Enoch Orogeny Rock unit

30

35

40

4$

60

I
<
B

-a
I

PLEISTOCENE

-PLIOCENE

LATE

MIDDLE
MIOCENE

EARLY

LATE
OLIGOCSNE

MIDDLE
EARLY

LATE

EOCENE
MIDDLE

EARLY

PALEOGENE

CRETACEOUS

I

1
.5n

TjT
1

Bernardino
basalt

----?— :—

Valley-
fill
alluvium

Chiricahua
rhyolite

Hunt
Canyon
andesite
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are recognized, the Faraway Ranch formation, to which the lower part 

of the flows at Weatherby Canyon are probably equivalent, and the 

Rhyolite Canyon formation, which is the younger and may have covered 

the entire area at one time.

Marjaniemi (1969) has dated the Rhyolite Canyon formation 

by the K-Ar method as being 25 - 0.8 m y old. Lower members of the Far

away Ranch formation were dated at 28.9 ± 1.9 n y and 27.7 ± 0.7 m y.

In the Horseshoe Canyon area, the older rhyolites were faulted and 

tilted prior to eruption of the Rhyolite Canyon formation. This 

indicates the beginning of block faulting contemporaneous with erup

tion of the rhyolites in Late Oligocene time.

Miocene and Pliocene deposits, which are probably alluvial 

gravels derived from erosion of the rising mountain blocks, would be 

buried under the youngest deposits, and the normal faulting of the 

Basin and Range orogeny does not expose them, Epis (1956) mapped a 

unit in the western Pedregosa Mountains which he believed to be a 

clastic wedge derived from the Chiricahua rhyolites. On the basis of 

geologic relations, it is probably Miocene and was exposed only 

through being uplifted with the Pedregosa and Swisshelm. Mountain block.

Pliocene and Pleistocene deposits in the Bernardino Volcanic 

Field consist of the Bernardino basalts interbedded with alluvial 

gravel deposits.

Direct products of the basalt volcanism consist of flow lavas, 

pyroclastic deposits and bedded tuffs. Material weathered and eroded 

from nearby volcanic features, sometimes nixed with other rock frag
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ments, is an indirect product of the volcanism. The color of this 

material is sufficiently distinctive to be differentiated from basalt- 

free gravels on the aerial photographs. These gravels, being derived 

from the mountains, are composed of fragments of non-baBaltic rock 
even though they may exist as thin covers on basalt flows.

These deposits are interbedded with the gravels. In the 

center of the valley south of Bowen tuff ring (31-15) is a sequence 
of basalt-free gravels, weathered basalt gravels ("soft, red malpai" 

in the driller's log) and basalt flows ("hard malpai") which is at 
least 250 m (800 ft) thick.

In the southern part of the field, most of the flows are 

overlain by a relatively thin veneer of gravel, 2 to 3 m thick, so 

that exposures of the basalt are found only in stream channels and on 

the flow margins in the center of the valley. These gravels are com

posed primarily of rhyolite cobbles and fragments.



FEATURES OF THE BERNARDINO VOLGANISM

The Basalts

The basalts of the Bernardino Volcanic Field are porphyritic 

olivine basalts which have a ground mass consisting of interlocking 

nets of plagioclase and pyroxene crystals with varying amounts of 

glass (Fig. 7). The plagioclase is labradorite (An^) as determined 

by the Michel-Levy method, and the pyroxene is probably Augite, based 

on optical characteristics. No orthopyroxene has been observed in 

any of the thin sections examined.
Phenocrysts of olivine are abundant and those smaller than 

2 mm are commonly euhedral. Some show corner rounding and embayed 

• margins. Most of the olivine phenocrysts have been deuterically 

altered to iddingsite, a hydrous mixture of iron and magnesium oxides, 

along grain boundaries and fractures. In some flows, the iddingsite 

gives the rock a distinctive red-spotted appearance.

Many flows contain plagioclase phenocrysts with diameters 

greater than 2 cm. Most of these large plagioclase phenocrysts are 

anhedral, but euhedral Carlsbad twins with unetched faces and rounded 

edges are common (Fig. 8). The plagioclase is transparent although 

most of the crystals are closely fractured, which gives the mineral 
a white appearance.

Accessory minerals include a variety of spinel minerals, cal- 

cite, oxyhomblende and an as yet unidentified green silicate mineral.
26
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Fig, ?• Thin Section of a Typical Bernardino Basalt —  
Interstitial plagioclase occurs in two size ranges, (x 5)

Fig. 8. Euhedral Plagioclase Phenocrysts —  These fragments 
weathered out of spatter basalt. The crystal on the right is a 
Carlsbad twin, (x 1.5)
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Many of the accessory minerals are found in the ultramafic nodules 

as well as the basalt, and all are currently under investigation.

Calcite occurs both in vesicles and interstitially as part of 

the rock fabric. One point-counted thin section contained 9 per cent 
calcite. Both the pyroxene and plagioclase are calcic and therefore 
the interstitial calcite is not unusual.

Many basalt surfaces, both fresh and weathered, have a mottled 

appearance (Fig, 9). The light grey spots are sections of spherical 

zones within the rock which contain an as yet unidentified mineral. 
These zones are not apparent in thin sections.

The spotted basalts tend to weather in concentric shells 

(Fig.10). This is morphologically similar to exfoliation except that 

concentric cracking pervades the blocks. One observer noted the simi

larity between these structures and pillow basalts, but there is no 

evidence that any of the Bernardino flows were erupted into standing 

water.

One chemical analysis has been made of a Bernardino basalt by 

using the Medlin method (Appendix IV). Major element abundances 

(Table 3) are similar to those of alkali-olivine basalt. A CIPW 

normative calculation for this analysis agrees with the results of 

petrographic studies. The calculations yielded 4-0 per cent labrador- 

ite plagioclase (An^), the same anorthite content as the feldspars 

identified using the Michel-Levy method.
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Fig. 9. Mottled Basalt Outcrop Surface —  The dark inclusion 
is an olivine nodule. (Pencil scale is 14#5 cm long.)

Fig. 10. Concentric Basalt Weathering —  This exposure lies 
in a wash eroded through a lava flow east of Paramore Crater.
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TABLE 3 Major Element Chemistry

Tholeiite Alkali- Effusive Effusive Bernardino
Magma Olivine Tholeiite Alkali- basalt

Magma Olivine .

(1) (1) (2) (2) (3)
SiO, 5C$ U5% 50.83% 46.77% 45.50%

li°2 2.03 3.00 2.2

A12°3 13 15 14.07 14.65 15.6

Fe2°3 X
/ 13 13

2.88 3.71
12.8

FeO 9.06 7.94
MgO 5 8 6.34 6.82 8.8
CaO 10 9 10.42 12.42 9.3
ite2° 2.8 2.5 2.23 2.59 3.3

"2° 1.2 0.5 0.82 1.07 1.9

CIPW Normative Mineralogy

Magnetite 2.1%
Ilmenite 3.5
Orthoclase 6.45 - -

Albite 17.41
Plagioclase (Ancc) 38.2%

Anorthite 20.80

Uollastonite 11.0

Enstatite 28.4 Pyroxene - Sub-calcic augite 49.0%
Ferrosilite 9.6

References
(1) Turner and Verhoogen (I960)
(2) Barth (1962)
(3) This Paper
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Volcanic Cones

Cones are the most obvious and distinctive volcanic features 

of the field when viewed from Highway 80. In the Bernardino Volcanic 

Field, 135 vents have been identified, almost all of which are sur-• 

rounded by agglutinate cones in various stages of erosion. Agglutinate 

cones are composed of layers of welded agglomerate and driblet flows. 

Agglutinate consists of spatter fragments which are welded together 

at points of contact, indicating that they were still plastic when 

they landed. Driblet flows, sometimes called rootless flows, are 

basalt flows created by showers of fluid lava blown out of the vent 

which land on the sloping sides of the cone and coalesce. As moving 

masses of fluid basalt, they behaved as flows but were not fed directly 

from the vent.

Cinder Hill (26-19), the only cinder cone so far identified, 
is built on an agglutinate cone base. Cinder cones differ from 

agglutinate cones in that the fragments of scoria and ash are not 
welded together, and few, if any, driblet flows are associated.

Cinders are usually highly vesicular, being over 50 per cent vesicles. 

Lack of welding indicates that the fragments were cooler and therefore 

no longer plastic when they landed. This implies a longer time of 

flight, probably owing to greater gas activity in the vent. The 

highest part of the cinder pile at Cinder Hill is on the northeast 

side. Cinders, being light, are usually blown downwind during an 

eruption. The position of this particular cinder pile suggests that 

the prevailing wind direction at the tine of eruption was from the 

southwest, the same as it is today.



Almost all the cones in the field are breached on one side and
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associated with a lava flow. H. Tazieff, in a comment following a 

paper by U. S. Wise (1966), succinctly describes the mechanism of 

contemporaneous breaching.

I am wondering if the breaching of the two cinder cones 
you speak about is not an original, congenital feature. One 
can usually observe, during the eruption of basic lavas, the 
formation of cinder cones breached from the very start 
because a contemporaneous lava flow carries away the material 
falling down on it, while, on the contrary, all around, it 
accumulates to build up the rampart. The small flows that 
are observed on the outer flanks of the cone and seem to be 
an overflow over the rim of the crater have most probably 
been formed by intense fountains of a very fluid lava, the 
successive lumps of molten material, falling on the rim of 
the crater, being sufficiently hot and liquid still to 
merge in a continuous flow moving down slope (p. 235).

Beds of coherent, vesiculated white to yellow-brown tuff are 

associated with some of the agglutinate cones. The nature of this 

material is not completely known, but it is unlike any of the unaltered 

spatter basalt. Bedding is crude and generally dips steeply inward 

toward the vent. These tuffs apparently are not related to the 

bedded tuffs described below. They are of note particularly because 

of the high incidence of ultramafic nodules associated with them.

Cored bombs, first described by Brady and Webb (1943)» are com

mon in the pyroclastic deposits. Cored bombs are fragments of material 

t o m  from the walls of the vent during the eruption and coated with a 

skin of basalt. Most,of the cored bombs observed have olivine or peri- 

dotite nodule cores. One exquisite spindle bomb collected in Paramore 

Crater (Fig. 11) has a coarse-grained diorite core. A few such bombs 

have phenocryst cores of plagioclase or the unidentified green mineral. 

No bombs with limestone or rhyolite cores have been found.
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Cored bombs with olivine nodule (left) and plagioclase pheno- 
cryst (right) cores.

Fig. 11. Cored Bombs. (All 0.75 x actual size.)
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Lava Flows

Lava flows are found in various stages of erosion from only 

slightly eroded flows with the original flow margins easily identi
fied to the older erosional remnants found in the mountains on both 

sides of the valley* Most of the flows are less than 3 m in thickness 

where a vertical section is exposed by erosion. The flows having
poriginal margins preserved are generally less than 5 km in area.

Features of the more recent flows, as previously discussed 

in the section on age, include spines and foundered blocks which 

give the flow surface a general hummocky appearance. The youngest 

appearing flows in the field are associated with the cones in the 

vicinity of Cinder Hill (26-19). The oldest exposed flows are prob

ably those found as flow remnants in the mountains on both sides of 

the valley.
Two of the more recent flows follow previously established 

stream channels. The flow from Jack Woods Pass cone (45-11) extends 

8 km down Jack Woods Canyon and terminates on the alluvial fan sur

face 1 Ian beyond the mountain front. In its course, the flow has left 

several rhyolite "islands" surrounded by basalt. The flow from the 

Halfnoon Valley cone (35-22) extends 13 km from its source. This 

flow is one of the few in the field to have levees, walls of solidi

fied basalt which formed on both sides of the moving center of this 

narrow flow.

A two-layer lava flow extends 7 km from the base of the Krentz 

Ranch tuff ring (37-15). With the exception of the spatter basalts in
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Paramore, this is the only lava flow known to be associated with a 

tuff eruption in this field* The tuff deposits lie on the surface of 

the upper flow, indicating them to be the youngest deposits.

Tuff Rings

The Bernardino Volcanic Field has five tuff rings which range 
in diameter from 1 to 5 km (Fig. 12). Tuff rings are annular deposits 

of parallel and cross-bedded fragmental material which surround a 

central vent. Two of the five tuff rings surround major depressions, 

both of which have diameters in excess of 1 km. All but one of the 

rings have central playas. The bedded tuffs are coherent, but not 

indurated, deposits of fragmental material which is poorly sorted and 
ranges in size from immeasurable dust to fragments with diameters 

>2cm. The parallel and cross-bedding dips generally away from the 

ring center which is indicative of deposition from a rapidly moving 

turbulent cloud. Large blocks (Fig. 13) which range in size up to 

2 m in diameter are associated with the tuffs. These blocks were 

probably blasted as ballistic projectiles out of the vent rather 

than carried with the smaller particles in the gas cloud.

The eruptions which created the tuff rings sampled the walls . 

of the vent from the lowest levels. Although rhyolite and basalt 

fragments constitute the greatest bulk of the bedded tuff deposits, 

xenoliths of other material are common. Fragments of Paleozoic lime

stone up to 50 cm in diameter have been found. Fragments of quartzite 

(Bolsa?) and schistose metamorphic rock (Pinal schist?) have been 

observed in the deposits of Hans Cloos Crater. In addition to the
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Tuff Ring

Paranore Crate

Bowen 
Tuff Ring

Fig. 12. Three Tuff Rings —  Paranore Crater and Bowen Tuff 
Ring are the largest of the 5 tuff rings in the field. The floor of 
Paranore Crater is 40 n below the surrounding surface. The shape of 
the tuff deposits (light grey) around Paranore Crater has been modi
fied by older agglutinate cones.
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Fig, 12, Three Tuff Rings.
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Fig* 13# Ballistic Blocks in the Bedded Tuff —  These tuffs 
are plastered against older agglutinate cones and dip inward toward 
the center of the tuff ring. The underlying beds were deformed by 
the impact, (The exposure meter scale is 10 cm long,)
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previously mentioned spindle bomb, blocks of coarse-grained crystal

line rock not coated with basalt have been observed in the tuff 

deposits of both Hans Cloos Crater and Paranore Crater. Olivine and 

pyroxene peridot!te nodules are common in the tuffs of both craters.

The most generally accepted explanation for creation of these 

features requires rising basalt magma to come into contact with copious 

quantities of water so that the hot basalt flashes the water into 

steam and simultaneously the basalt chills to form glass fragments 

(Waters and Fisher, 1969). Some tuff rings, such as Diamond Head in 
Hawaii and Surtsey in Iceland, are presently associated with a large 

amount of water; others were erupted into Pleistocene lakes which are 

now gone.

The tuff rings of the Bernardino Volcanic Field are akin to 

the Aft on Craters, 200 1cm to the east (De Hon, 1965), and the tuff rings 

of the Pinacates Volcanic Field, 350 km to the west, both in their 

overall features and the lack of any large body of standing water in 

the vicinity. If the mechanism of creation requires abundant water, 

the tuff eruptions of all three volcanic fields must have been driven 

by ground water. As previously discussed in the section on climate, 

the present aridity of the region is not representative of the past 

when a sufficient amount of water was available to support lakes in 

many of the nearby basins. By inference, more ground water must have 

been available when the lakes were in existence.

Fluid basalt was apparently erupted in the same active period 

with the tuffs. The Krenta Ranch tuff ring (37-14) (Fig. 14) lies on 

top of a 7-km—long lava flow which issued from the same vent prior to
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Fig. 14. The Krentz Tuff Ring and Lava Flow —  This 7-km-long 
lava flow appears to have originated from the same vent as the over- 
lying tuffs. (Scale 1:70,000 - NASA Photograph)
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the tuff eruption. The tuff deposits at Paramore Crater were appar

ently erupted in two phases separated by a tine during which fluid 

basalt (spatter and agglutinate) was ejected. If ground water was 

necessary for the formation of these two tuff rings, there must be 
reasons why fluid basalt came through ostensibly water saturated 

gravels to create the lava flow at the Krentz Ranch tuff ring before 

the beginning of the tuff eruption, and why a tuff eruption at Para

more Crater was divided into two phases separated by outpouring of 

fluid basalt.

Geologic relations suggest that each vent was active for only 

one eruption. There is no reason to believe that rising magma would 

attempt to open a vent filled with solidified basalt rather than 

moving along another part of the same structure. This consideration 

would tend to rule out two or three eruptions from the same vent, 
separated by sufficient time to allow a climatic change. Climatic 

change may account for the association of fluid basalt eruptions and 

tuff eruptions through the same gravels but at obviously different 

times.

Modem tuff eruptions which have been observed by volcanolo

gists have all taken place in volcanoes which were adjacent to either 

a lake (Taal eruption, Moore, 196?) or the sea (Surtsey, writer-* 3 obser

vation). With what is currently known about the nature of basalt 

volcanic eruptions, there is no reason to suggest that the nature of 

the magma involved in a tuff eruption was fundamentally different (in 

terms of temperature, gas content or activity, chemistry, etc.) from
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the magma which created the agglutinate cones and small lava flows.

The problems posed by the tuff rings in the Bernardino Volcanic Field 

are currently under investigation.

The Ultramafic Modules

Numerous dense nodules of ultramafic rock, rock which contains 

less than 45 per cent SiO^, are associated with the Bernardino basalts. 

Most of the nodules are found in pyroclastic deposits as free nodules 

or cored bombs, although some olivine nodules are contained within 

flow basalt. The average nodule size is 5 cm in diameter, but some 

over 30 cm have been observed.

Worldwide, ultramafic nodules occur most commonly in Late 

Cenozoic basalts of oceanic affinities, i.e. basalts whose analyses 

show normative nepheline or a TiO^ content greater than 1.75 per cent. 

Most of the host rocks are alkali-olivine basalts, but several occur

rences in olivine tholeiite basalts have been noted. The apparent 

restriction of the nodules to relatively young basalts may be the 

result of older basalts being richer in silica, or it nay be due to 

sampling, since the nodules occur in basalt fields of limited extent, 

and therefore the older fields may be either completely eroded or not 

exposed (Forbes and Kuno,1967).

P. J. Wyllie (1967) lists five possible sources for the nodules: 

primary undifferentiated mantle material, refractory residue of mantle 

from which basalt has been derived, cumulates from a fractionating 

magma which collected on the margin of a conduit and then were 

detached, cumulates formed on the bottom of a magma chamber, or frag-
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merits of the lower crust, O'Hara (196?) considers only the first 

three sources to be reasonable, If the nodules are either refractory 

residue or crystal cumulates, they must have been in equilibrium with 

the basalt melt during some part of its history.

Investigation of the nodules of the Bernardino Volcanic Field
|has just begun. The essential mineralogy of the nodules has not been 

completely worked out, but the minerals which have been identified 
(olivine, pyroxene, spinels and plagioclase) are stable in the tem

perature-pressure regime of the upper mantle. The further investi

gation of the nodules will be made to establish some link between 

them and the basalts.



PHYSIOGRAPHY AND STRUCTURAL GEOLOGY

The Nature of the Basin and Range Province

The regional location of a volcanic field is controlled by 
the site of basalt magma generation (and perhaps storage) in the upper 

mantle. The distribution of vents within a volcanic field is controlled 

by both deep and shallow structure in the crust under the field. The 

structural nature of the Basin and Range geologic province is prob

ably responsible for the Bernardino Volcanic Field’s being composed 

of individual vents spread over a wide area rather than concentrated 

in a single volcanic mountain.

Physiographically, the Basin and Range province consists of 

parallel to sub-parallel mountain ranges and intervening valleys 

structurally controlled by normal faults. The valleys are usually 

filled with detrital material derived from the adjoining mountain 

ranges. The underlying structure, which is usually not discernable 

from the physiography, may either consist of symmetrical and asym

metrical horsts and grabens or rotated blocks with a mountain range 

and the valley toward which it is tilted being part of the same 

structural block. Major crustal extension is required to explain the 

horst and graben model, whereas only a minor amount of extension 

accompanied by removal of support from below is required for the 

rotated block model.

Stewart (1971) has reviewed the two models on the basis of 

geologic and geophysical evidence for the Great Basin of Utah and
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Nevada, and his evidence favors the horst and graben model. Con

clusions reached for the Great Basin are probably applicable to the 

southern Basin and Range province.

Geophysical investigations have tentatively established that 

the crust under the southern Basin and Range province is approxi

mately 30 km thick with an irregular upper mantle boundary which is 

caused by local isostatic compensation of the mountain ranges (PaldLser, 

1963)• The region is in general isostatic equilibrium as evidenced 

by the near zero free air gravity anomaly. Upper mantle temperature 

under the Basin and Range province of Arizona and New Mexico is 

approximately 100° C higher than under the thicker crust of the Great 
Plains to the east of the Rio Grande graben (Schmucker, 1970)

Marjaniemi (in prep.) recognizes the area in the vicinity of 

the Bernardino Volcanic Field to have different structural and physio

graphic character than the Basin and Range province surrounding it. 

This Chiricahua sub-province comprises those basins and ranges to the 

south and east of the Chiricahua Mountains which have an approximately 

north-south topographic alignment and with basins generally narrower 

than the ranges (Fig. 15.). This sub-province is a zone of transition 

between areas of differing structural and physiographic character.

East of the Chiricahua sub-province (east of 103°V7 longitude), 

the valleys are considerably wider than the mountain ranges, and the 

majority of the mapped structures are folds. Although this area has 

the same north-south trend and is physiographically part of the 

southern Basin and Range province, there is little evidence for major
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normal faulting (Cserna, 1969)• The area to the west and north of 

the Chiricahua sub-province contains block-faulted mountain ranges, 

but they are aligned along a northwesterly trend, West of 111° \J 
longitude, the mountain ranges are short and narrow, and broad desert 

basins lie between them. The geologic structure is this area is 
poorly understood.

Less than 100 Isa to the north of the Chiricahua sub-province 

is the Mogollon Rim, the southern boundary of the Colorado Plateau,

On the south, the Chiricahua sub-province grades into the Sierra 

Madre Occidental, sometimes called the Mexican highlands. High 

average elevation and a preponderance of flat-lying Mid-Cenozoic 

silicic volcanic rocks give the Chiricahua sub-province an affinity 

to the Sierra Madre Occidental. This province consists of a compact 

mass of high ridges and plateaus with narrow canyons which are capped 

by a thick sequence of Mid-Cenozoic rhyolite tuffs (Hawley, 1969).

Physiographic Setting of the Volcanic Field

Most of the Bernardino Volcanic Field has been erupted into a 
basin which lies between two essentially parallel mountain blocks. 

Although the physiographic fabric of the Chiricahua sub-province is 

aligned north-south, local topography and patterns of basalt outcrop 

in the field (Fig. 6 ) lie on a II 25 E trend. The Animas Volcanic 

Field lies on this same trend, across the Peloncillo Mountains, less 

than 20 km to the north (Fig. 5), This N 25 E trend is anomalous in 

this region of generally north and northwestward trending structural 
grain.
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The basin which contains the volcanic field consists of two 

structurally distinct physiographic units, the San Simon Valley unit 

on the northeast and the San Bernardino Valley unit on the south. The 

floors of the two valleys are contiguous, and drainage from the nor

thern end of the San Bernardino Valley flows into the San Simon Valley. 

The local topography, which is a major element of the N 25 E trend, is 

partly an effect of the relative positions of the two physiographic 

units.

The San Simon Valley, one of the major stream valleys of the 

region, is 150 km long, of which all but the southern km is oriented 

in a northwesterly direction parallel to the physiographic grain 

northwest of the Chiricahua sub-province. The southern end, beginning 

at 31°50x N latitude (the northern border of Fig. 6 ), follows the 

N 25 E trend. The east side is the nearly straight front of the 

Peloncillo Mountains, and the west side is the slightly curved, con

vex eastward, front of the Chiricahua Mountains. Except for the N 5 E 

orientation of the Pedregosa Mountain front, the San Simon Valley unit 

is the only physiographic feature which departs from the north-south 

physiographic fabric of the Chiricahua sub-province.

The San Bernardino Valley is aligned north-south, parallel 

to the physiographic grain of the Chiricahua sub-province. The 

valley extends 90 km from its northern termination against the Chiri

cahua Mountains to its southern end on the boundary of the Sierra 

Madre Occidental.
On the west, the mountain front makes a fairly distinct topo

graphic boundary for the valley, north of the international border.
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South of this, the mountains are lower and the mountain front less 

straight and distinct. The eastern flank of the Sierra Ceniza, which 

lies in Mexico, consists of a series of isolated hills which probably 

project out of a pediment surface. The northeast side of the San 

Bernardino Valley is formed by a straight, 25-km-long section of the 

Peloncillo Mountain front. This line terminates on the south against 

Paleozoic limestone hills which extend westward into the valley from 

the main mass of the Peloncillo Mountains south of the Geronimo Trail, 

v
Geologic Structure of the Bernardino Volcanic Field 

The geologic structure of the Bernardino Volcanic Field has 
been deduced by interpretation of exposed structural features (Fig. 6) 

and of results of the gravity survey (Figs. 16 and 17, in pocket).

The empirical considerations used in constructing the tectonic inter

pretation map (Fig, 18, in pocket) are discussed in Appendix IV.

The southern San Simon Valley is a 1O-km-wide symmetrical 

graben. This is suggested by the parallel mountain fronts on both 

sides. The Chiricahua Mountain front has some of the characteristics 

of a fault scarp in the truncated spurs near the mouth of Horseshoe 

Canyon (46-07). The front of the Peloncillo Mountains is probably 

not a fault scarp, but the position of the eastern fault is marked 

by the volcanic cones at 45-01 and 49-00.

The pattern of the Bouguer gravity anomaly contours (Fig. 16) 

and the cross-valley residual gravity profile (Mr 1, Fig. 17) are also 

indicative of graben structure. The southern end of the graben is 

.terminated by a buried fault which has no surface expression. The
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gradient of gravity across it (Profile 5, Fig. 17) indicates a con

siderable mass difference between the two structural blocks which it 

bounds. If density contrasts of 0.3 g/cnf* across this fault (gravel 

to the north, Paleozoic limestone to the south) and 0.2 g/car across 

the parallel side faults (gravel in the trough, rhyolite in the 
mountains) are assumed, an empirical estimate of 2000 m can be made 
for the thickness of the valley fill gravel (Appendix II).

The San Bernardino Valley is approximately twice the width 
of the San Simon Valley and is structurally more complex. It is an 

asymmetrical graben with a master fault of relatively large displace

ment on the western side and smaller faults with relatively less 

displacement in the center and on the eastern side. Although the 

gravity anomaly pattern (Fig. 16 and Profiles 2, 3 and 4, Fig. 17) 

could indicate a rotated block, down on the west side, the general 

horizontal!ty of the rhyolites in the Peloncillo Mountains and the 

distribution of volcanic vents in the center of the valley favor inter

pretation as an asymmetrical graben.

On the west side of the valley, several NNW-striking faults 

appear to terminate at the mountain front. The inferred fault which 

crosses the mountain front at Hog Canyon (24-18) apparently controls 

the alignment of a stream channel in the valley fill alluvium beyond 

the mountain front. This may indicate that movement on the west side 

of the valley took place along these faults rather than along a buried 

fault parallel to the mountain front. The buried fault (Fig. 18), 

whose existence is postulated on the gravity anomaly pattern, probably
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exists as the master fault of the graben and movement has taken place 

both along it and along the exposed faults.

No indication of major faulting exists on the east side of 

the valley except for the straightness of the Peloncillo Mountain 

front in this area. Interpretation of the Bouguer gravity anomaly 
across this line is hampered by lack of data from the Peloncillo 

Mountains.

Outcrops of limestone which project through the basalt flows 

and alluvium and the pattern of the Bouguer gravity anomaly indicate 

that the east side of the valley is underlain by bedrock at a shallow 

depth. Alignments of volcanic cones and small steps in the residual 

gravity profiles indicate that the bedrock is faulted, but the values 

of the gradients indicate small displacements. Shallow bedrock bro

ken by several faults of small displacement would be characteristic 

of an asymmetrical graben.

The shallow block of faulted bedrock which underlies the 

eastern side of the San Bernardino Valley is bounded on its northern 

end by the buried fault at the south end of the San Simon Valley 

graben. The previously mentioned limestone hills lie south of this 

block. Neither surficial features nor gravity anomaly patterns sug

gests an cast-west fault between the exposed limestone hills and the 

buried block. Part of the rock composing this block is rhyolite as 

evidenced by the large amount of rhyolite in the tuffs at Paramore 

Crater,

Except for the slight offset in the front of the Peloncillo 

Mountains at 36-05, there is no surface expression of the end of the
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San Simon Valley. The San Bernardino Valley, however, terminates 

topographically on the north against the Chiricahua Mountains. The 

situation is exactly reversed on the Bouguer gravity anomaly map.

The gravity anomaly indicates that the San Simon Valley terminates 

on its southern end against a buried fault. There is no indication 
in the pattern of the gravity anomaly contours of a similar structural 

termination on the north end of the San Bernardino Valley. Further 

investigation will be required to determine whether the lack of 

expression for the northern end of the San Bernardino Valley is due 

to insufficient density contrast between the valley fill material and 

the rocks of the mountain or simply a lack of data from the Chiricahua 

Mountains.

Structural Control of Vent Positions 

' Magma, rising through the crust, tends to follow the path of 

least resistance. In the lower crust, the magma of the Bernardino 

volcanoes probably followed structural weaknesses associated with the 

Basin and Range orogeny. At the surface, the cones are found in 

association with both Basin'and Range structure and faults created by 

older orogenies.

The cone in Halfmoon Valley (21-35) lies directly on the 
trace of a vertical fault. To the northeast of this cone, two 
cones lie on the trace of an inferred east-west fault where it 

intersects the mountain front (36-18). These are the only examples 

wherein the cones can be related directly to exposed faults. The 

previously mentioned cones in the San Simon Valley lie on a fault
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whose position was determined by interpretation of gravity data. A 

fault southeast of Paramore Crater is inferred from the alignment of 

10 cones, and its existence is supported by a step in the gravity 

profile (Nr 2, Fig. 17) which indicates it to be downthrown on the * 

east.

Positions of other faults have been inferred from apparent 

cone alignments only. To the south and west of Paramore Crater, the 

evidence for a HNE-striking fault is permissive, but the gravity data 

lends no support. The great proliferation of vents in the center of 

the San Bernardino Valley is probably controlled by several faults 

of the asymmetrical graben structure, but no basis exists for inferring 

positions.

Several vents are located in the northern part of the field 

whose positions are apparently controlled by faults which are buried 

under the rhyolite. The Jack Woods Pass cone (45-10) and the two 

vents southeast of it lie on the trace of the fault which controls 

Shake Gulch (43-17) and which is only exposed east of the rhyolite 

dike (43-15).
South of these vents are the "hilltop volcanoes,” eight cones 

which lie on the tops of rhyolite ridges that extend southward from 

the Chiricahua Mountains. These vents are not associated with any 

structural features exposed on the surface, and their position on 

the tops of unfaulted rhyolite ridges is difficult to explain. The 

zone containing these vents lies on the trace of the buried fault 

which terminates the south end of the San Simon Valley graben. This



fault may provide the underlying structural control of these vents, but 

the evidence is only circumstantial.

Recent Tectonic Activity

Investigators in other parts of the region have found evidence 

that tectonic activity is continuing. Cooley (1968) reports almost 

300 m (900 ft) of downcutting in the Safford Valley within the last 

2 million years. Eaton (1969) reports currently active tectonic uplift 

in the San Simon Valley which can be detected by first-order leveling. 

Indications of recent tectonic activity in the Bernardino Volcanic 

Field are found primarily along the front of the Chiricahua Mountains 

both in vegetation alignment and in the condition of the alluvial 

fans.

Two types of alluvial fans exist in the Bernardino Volcanic 

Field, those in which the stream has trenched through the apex of a 

fan to create a subsidiary fan on its lower reaches, and those which 

are simple and untrenched. Many inter-related factors control the 

size and shape of an alluvial fan (Bull, 1964# 1968). The cariying 

power of the stream depends on both discharge and gradient. Dis

charge is a function of rainfall (climate) and the size of the drain

age area, both of which are assumed to be constant in the study area. 

The gradient is controlled by either tectonic events or a change in 

base level. Change in base level can be ignored where the streams 

flow into the poorly developed central drainage of the San Simon 

Valley. I conclude that the difference in fan type across the San 

Simon Valley is the result of tectonic activity.
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Most of the fans extending from the base of the Peloncillo 

Mountains have trenched apices (Fig. 19). The trenches extend almost 

the entire length of the fans to end in smaller subsidiary fans near 

the center of the San Simon Valley. This is apparently true also of 

the fans which extend from the Pedregosa and Perilla Mountains, but 
volcanic activity has modified these fans, and no illustrative examples 

can be drawn from this area. In recent tines, the mountains have been 

static relative to the fans. Streams, which have been continuously 

down cutting in the mountains, eventually eroded through the apices 

of the fans to create trenches, and the present site of deposition is 

now nearer the center of the valley.

Alluvial fans extending from the Chiricahua Mountains are 

simple. Apparently deposition is taking place over the entire fan 

surface from the apex to the base, depending only on the vagaries of 

the distributary streams. Hone of the fans along the eastern flank of 

the Chiricahua Mountains is trenched below its apex, but alluvial 

deposits in the canyons above the fan apices show distinct trenching- 

only terraces remain. A terrace is found in the lower 4 km of Horse

shoe Canyon (46-03), approximately 2 n above the present stream 

gradient (Fig. 20). The alluvial deposits in Price Canyon are trenched 

for 10 km upstream from the volcanic vent at 40-14 where the stream 

flows on to the large Tex Canyon fan. Alluvial deposits in Tex Can

yon above the apex of the Tex Canyon fan appear to be similarly 

trenched, but that area has been modified by lava flow damming of the 

stream and subsequent erosion of the dam.
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Fig, 19 . Two Adjacent Trenched Alluvial Fans on the East Side 
of the San Sinon Valley —  The active area of deposition is low on the 
old fan, toward the valley center.
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face is not trenched. .
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Different alluvial fan types in the sane valley indicate 

tectonic activity on one side and not on the other. The Chiricahua 

Mountains are rising relative to the San Sinon Valley. The uplift 

is keeping pace with downcutting by the mountain streams so that the 

streams have not cut trenches into the apices of the alluvial fans.

On the other side of the valley, lack of relative movement between the 

valley and the Peloncillo Mountains has allowed the streams to trench 

the alluvial fans.



THE OLD PEDIMENTS

Deeply dissected older basalt flows occur in the nountains on 

both sides of the San Bernardino Valley at remarkably uniform ele

vations ( Figs. 18, 21 and 22 ). Elevations on both sides range 

from 5500-5900 ft on the north to 4100 ft on the south. Correlation 

of elevations across the valley and node of occurrence suggest that 

these flows were erupted onto pediments which have since been eroded 

away, except where protected by the lava flows.

A pediment is an crosional surface developed on bedrock at the 

front of a mountain range. Under conditions of tectonic stability, 

it is a surface of transportation rather than of erosion or deposition 

(AGI Glossary), Because they are erosional features and not tectoni

cally controlled, the junction between the pediment and the mountain 

front is rarely straight, and hills of bedrock rising above the pedi

ment surface are common.
Two superimposed horizontal flows lie in the hills north of 

Glenn Ranch (35-20)(Fig. 21), The lower flow lies on a flat, hori

zontal erosion surface developed on steeply dipping Paleozoic lime

stone. This surface and the relation of the flow to the nearby 

limestone hills which stand above it suggests that the flow was 

erupted onto a pediment surface near a mountain front.

The two lava flows are separated by a 2-n-thick layer of 

rhyolite cobble gravel. The nearest rhyolite which is topographically
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Fig. 21. Older Flows on the West Side —  This aerial oblique 
shows the flow remnants northeast of the Glenn Ranch. The lava flow 
"ramp" is in left center.

Fig. 22. Older Flows on the East Side —  Note the similarity 
to the occurrence shown in Fig. 18.
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This geologic map and the top profile below show the relation
ship between the two superposed lava flows with their gravel interbed 
and the closest source of the rhyolite gravel 3 km to the west. The 
rhyolite outcrop adjacent to the Glenn Ranch is lower than the gravel.

Present Profile

Reconstructed Profile —  This reconstruction for the time of 
gravel deposition assumes movement on the eastern fault only.

Fig. 23. Lava Flows on the Old Pediment Near Glenn Ranch
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higher than these flows is 3 kn to the west and is presently separated 

from the outcrop by two canyons, one of which is 70 m and the other 

100 m below the bottom lava flow. This relation indicates that the 

canyons are younger than the gravel deposit.

The presence of a gravel deposit above the pediment surface 

suggests that the state of the geomorphic system, which had supported 

the existence of the pediment, had changed at a time close to the 

time of eruption of the lower flow. I suspect the pediment was being 

eroded at the time the second flow was erupted, because this flow can 

be traced into a canyon cut in the limestone to the southeast of the 

flat area (34-19)» and a flow remnant which appears to correlate with 

the upper flow forms a steep ramp down the hillside south of Mulberry 

Canyon (36—19)* Differential movement between the Pedregosa Mountains 

and the center of the San Bernardino Valley may have exceeded 300 m.



GENERAL OBSERVATIONS AND CONCLUSIONS

The position of the Bernardino Volcanic Field is a reflection 

of the upper mantle basalt magma generation site. The basalt rose to 
the surface through conduits which followed faults created by the Basin 

and Range orogeny. Near the surface, the rising magma followed faults 

of older origin as well. The Bernardino and the Animas Volcanic Fields 

lie on a north-northeasterly trend which is not parallel to the north- 

south physiographic trend of the Chiricahua sub-province. The southern 

end of the San Simon Valley, which lies between the centers of the two 

volcanic fields, is also anomalously aligned north-northeast. This 

structural trend may be the effect of a deep crustal or mantle feature 

which is related to both the surface structure and the generation of 

the basalt magma.

This study has yielded no information on which to draw any 

conclusions concerning the origin of either the basalts or the associ

ated ultramafic nodules. Leeman and Rogers (1970) have estimated a 

depth of origin between 40 and 60 laa for other Basin and Range basalts. 

Association of the dense ultramafic nodules with pyroclastic deposits 

would suggest that the conduit through which they rose was straight 

enough to allow then to remain entrained in the magma for the entire 

length of transit from their source.

The Bernardino Volcanic Field has many features in common with 

other nearby volcanic fields. It is one of three volcanic fields
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lying along the Mexican-United States border which has tuff rings in 

addition to the more common volcanic features. Many of the Late 

Cenozoic volcanic fields in the region contain ultranafic nodules 

associated with both tuffaceous pyroclastics and basalts, Nodules 

are found in the alkali-olivine basalts of the San Francisco Volcanic 

Field which lies on the Colorado Plateau where the crust is 15 km 

thicker than under the Basin and Range province (Pakisei) 1963). Appar

ently crustal thickness has little effect on the occurrence of the 

nodules.

Further research on the Bernardino Volcanic Field will be 

conducted to determine, if possible, the node of origin of the basalt, 

the origin of the associated ultranafic nodules and the relation of 

the Bernardino Volcanic Field to the other volcanic fields in the 

region.



APPENDIX I

MAPS AND PHOTOGRAPHS

The areal geologic nap (Fig. 6) was compiled by field and 
photogeologic methods using USGS topographic maps at a scale of 

1:62,500 as a base# All maps used comply with the National Map 

Accuracy Standards which require altitude accuracy within ± -y- contour 

interval. Contour interval of the College Peaks quadrangle is 40 ft, 

and for the other maps is 80 ft with intermediate 4 0-ft contours in 

areas of low relief. Figure 24 is an index to topographic naps in 

the study area.

Regional topography is displayed by contours and shaded relief 

on Operational Navigational Charts (ONC) at a scale of 1:1,000,000 and 

Tactical Pilotage Charts (TPC) at a scale of 1:500,000. The Bernardino 

Volcanic Field lies near the junction of ONC G—19, H-22 and H-23, andI
on the larger scale charts near the junction of TPC G-19D, H-22B and 

H-32A. ONC and TPC series charts are available for sale from the 

Federal Aviation Agency, Department of Commerce, Washington, D. C., and 

for study in the University of Arizona Library Map Collection.

Detailed topographic coverage of Mexico is non-existent. The 

entire volcanic field is displayed on the Douglas sheet of the Army 

Map Service series F-501, which is not officially available but which 

may be procured from various sources.
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Fig. 24. Index to Topographic lipping in the Vicinity of the 
Bernardino Volcanic Field — > Areas of aerial photographic coverage are 
outlined.
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Photogeologic mapping was accomplished by using aerial photo

graphy made in 1956 for the U, S».Geological Survey (Fig. 24). The 

black and white photographs, which have a nominal negative scale of 

1:63,000, are those from which the topographic naps were prepared. 

Stereoscopic coverage extends to within 12 km of the international 

boundary. No photographic coverage is available south of a line 5 

km north of the international boundary. Mapping in the central part 
of the field was augmented by high-altitude color photography at a 

scale of 1:125,000 acquired from NASA, Although of smaller scale, the 

color photographs yielded the most useful and detailed geologic 

information.

Geologic contacts and structure in the Perilla, Pedregosa and 

Chiricahua Mountain Ranges were transferred to Fig. 6 from the maps 

of Cooper (1959) and Marjaniemi (1969). Wherever possible, this 

geologic information was field-checked or compared and corrected, using 

the available aerial photographs.



APPENDIX II

THE GRAVITY SURVEY

General Considerations of Gravity Surveying 

The acceleration of gravity at an observation point is mainly 
attributable to the mass attraction of the entire earth but is, in 

small part, a function of the mass of the rocks in the immediate 

vicinity of that point. The anomaly of gravity is the difference 

between Theoretical Sea Level Gravity (TSLG) computed for the mass 

attraction of a spheroidal earth at the latitude (L) of the obser

vation point. The international gravity formula agreed upon in 1930 

(Howell 1959) for a "standard" gravitational acceleration is:

TSLG = 978.049 (1 + 5.2884 x 10~3 sin2 L - 5.9 x 1CT6 sin2 2 L)

A Free Air Correction (FAC) is made to account for the 

difference in gravitational acceleration between sea level and the 

altitude of the station. The free air correction is 0.3088 mgal/m 

(0.0914 mgal/ft) and is added to the observed gravity to mathematical

ly bring the station to sea level. The largest errors in a gravity 

survey are introduced through the Free Air Correction. This is a 

function of how accurately the altitude of a survey point is known.

The Bouguer correction accounts for the mass attraction of 

the rocks between the observation point and sea level. It can be 

computed using any assumed density (D) and is subtracted from the
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observed gravity. The Bouguer formula is:

B = 1.335 x ICf7 it D x ALT

The simple Bouguer Gravity Anomaly (SBA) is computed by comparing TSLG 

with the observed gravity (DBS) corrected for altitude and the Bouguer 
effect by the formula:

SBA = OBS - TSLG - FAC - B

The Bouguer correction is based on the computed mass of near 

surface rocks, and the Bouguer Anomaly is the result of the differ

ence between computed mass (based on an assumed density) and the actual 

mass. Differences in the value of the Bouguer Anomaly within a limited 

area can be interpreted to represent differences in the densities and 

sizes of subsurface structural blocks. If no mass difference exists, 

there will be no difference in the values of the Bouguer Anomalies.

Further correction to the observed gravity can be made by 

computing the mass attraction of the topography surrounding the 

station. If this correction is made, the resulting anomaly is the 

Complete Bouguer Anomaly. The residual anomaly is computed by sub

tracting an average "regional" Bouguer Anomaly from the complete Bou

guer Anomaly of each station. This is necessary before accurate 

mathematical estimates of the shapes of the subsurface blocks can be
made
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The Bernardino Gravity Survey

The Bouguer Gravity Anomaly Map (Fig. 16) was prepared on the 

same topographic base as the geologic map. Gravity was observed at 

213 stations within the Bernardino Volcanic Field using a LaCoste- 

Ronbcrg gravity meter which has a precision of 0.01 mgal, or less than 

1 part in 10,000,000 of the total gravity acceleration. Most of the 

stations lie along existing roads because practical considerations 

prevented carrying the gravity meter across country on foot for any 

long distances.

Readings were made at bench marks or other checked altitudes 

whenever possible. Altitudes for other stations were determined by- 

interpolation between contours of the topographic maps. Errors intro

duced by inaccurate altitudes can be as much as ± 3*6 mgal for stations 

in areas of high relief (80 ft contour interval) and 1.8 mgal for 

stations in areas of low relief (40 ft contour interval).

The Bouguer Correction was computed using an assumed altitude 

density of 2.67 for the surface rocks. Actual measured densities of 
rocks collected in the field are:

Rhyolite 2.30 g/cm~ 10 sample average
Limestone 2.72 g/cn~ 5 sample average
Basalt 2.80 g/cnf 5 sample average

The density of the valley fill alluvial material was assumed to be from
Q

0,2 to 0.3 g/cnr less than the surrounding rocks.
\

The Complete Bouguer Gravity Anomaly was not computed because 
the errors introduced by elevation inaccuracy exceeded the greatest 

computed topographic correction. Insufficient data from the region 

surrounding the volcanic field, particularly to the east, prevented the



70
construction of a residual gravity anomaly map by removal of the 
regional field.



APPENDIX III

STRUCTURAL INTERPRETATION

The Tectonic Interpretation Map (Fig. 18) shows only the 
faults, exposed and inferred, associated with late Cenozoic tectonic 

activity, locations of the identified volcanic vents and the positions 

and elevations of the old flow remnants believed to be associated with 

former pediments. The flow remnants were identified by their color in 

the high altitude aerial photography and by their positions on the 

mountain flanks.

Exposed faults were transferred directly from the geologic map 

(Fig* 6). Positions of buried faults were deduced from alignments 

of volcanic cones and from interpretation of the Bouguer gravity 

anomaly map (Fig. 16) and profiles (Fig. 17). Some fault positions 

are indicated by both cone alignments and steep gradients of the 

Bouguer anomaly.

Relatively straight Bouguer anomaly contours indicating 

gradients greater than 5 mgal/km were the empirical considerations 

used to determine fault locations from the gravity data. Gradients 

were not considered where the total anomaly difference over a short 

distance was less than twice the possible altitude error. Fault 

positions determined by this method will not be as accurate as those 

determined from a residual gravity anomaly map, but in this area of 

large gravity anomalies, the error will be small.
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The residual gravity anoaaly for profiles 1 through 4 of 

Fig, 17 were computed by assuming a linear slope to the regional 
Bouguer anomaly between the end stations. This technique is valid for 

basin and range type structure if the end stations are in the mountains 

beyond the influence of the valley edge fault (Robert West, personal 

communication)• Profile Mr, 1 across the San Simon Valley fits this 

criterion best. The eastern ends of profiles 2, 3 and 4 are not 

far enough beyond the edge of the valley to use the residual gravity 

anomaly values for meaningful computation.

The thickness of the valley fill alluvium in the San Simon 

Valley (Page 49) was computed from the value of the residual anomaly 

using the formula:

Depth (km) = Residual Anomaly 
3,87 x Density Diff.

A density contrast of 0.2 g/czi was assumed between the valley fill
alluvium and the bedrock of the mountains



APPENDIX IV

CHEMICAL ANALYSIS

One specimen of Bernardino basalt was analyzed for major ele

ment percentages, using the method described by Medlin, Suhr and Bodlin 

(1969)♦ The pulverised sample was fused with lithium metaborate and 

dissolved in nitric acid, and the resulting solution was diluted in 

accordance with Medlin's procedure with one additional dilution made 

to counter the effects of high percentages of magnesium. The diluted 

solutions were analyzed using a Perkin-Elner model 214 Atomic Absorb- 

tion Spectrophotometer,

Standard samples with known cation content were prepared by
J

mixing precisely weighed amounts of reagent grade oxides and salts. 

These standards were fused and diluted during the same run with the 

specimen. Two samples of basalt previously analysed by other 

techniques were included in the run as control, Osd.de percentages 

of these basalt samples compared to prepared standards were in good 

agreement with the previous analyses.

Inaccuracies inherent in this technique are discussed in 

detail by Medlin, et al. (1969). Since only one sample of 

Bernardino basalt has been analysed, and no statistical analysis is 

possible, the validity of the results is open to question. No 

attempt was made to analyze for volatiles such as water and carbon
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dioxide. The Medlin method yields only total iron and is not suited 
for determining percentages of phosphorus.
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FIGURE 17

GRAVITY PROFILES
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FIGURE 18
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