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ABSTRACT

The Pinacate Volcanic Field has more than 400 monogenetic vol- 

canoes and maars dispersed across 2000 kin of desert, including the 

slopes of Volcan Santa Clara, a trachyte shield volcano. The composite, 

polygenetic volcano was built by successive eruptions from a central 

summit vent complex between 3 and 1 Ma, whereas each Pinacate volcano was 
created by a single, short duration eruption from a conduit which was 

active only once. Monogenetic volcanism, currently dormant, began-1.2 Ma 

and has an average recurrence interval of about 3000 years.

The Pinacate series lavas fall in the limited compositional range 

of basalt-hawaiite but there is no compelling reason to believe that any 

one magma is parental to any other. The Santa Clara series lavas fit the 

entire alkaline differentiation trend of basalt to trachyte, both major 

and trace elements show the smooth covariance attributable to fractional 

crystallization. Gabbroid nodules, probable fragments of the crystal 

cumulate are found on the summit. Ratios of 87/86 Sr determined on 
members of both rock series and the nodules, range between 0.7030 and 

0.7040, indicating mantle provenience for the magmas .and subsequent 

rise through the Precambrian crust without contamination.

Alkalic magmas are generated by partial melting of metasomatized 

garnet peridotite but collection of the magmas into volcanogenic bodies 

appears to be a threshold-controlled phenomenon. Each magma body that 

achieves sufficient size, rises and differentiates until a free gas phase

xi
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forms and overpressure bores a conduit to the surface. The Pinacate 

magma bodies were small and this happened only once for each but the 

Santa Clara magma resulted from a greater degree of partial melting and 

was large enough to differentiate through the entire alkalic series, 

generating eruptions repeatedly through its long life.

The field is adjacent to the Gulf of California plate boundary 

but the relationship between the volcanism and Gulf tectonics is not 

simple. This alkalic volcanism is unique on this plate boundary and the 

lavas are not spreading-center related. While the magmas were not gener
ated by fault movements, their rise to the surface was controlled by the 

local stress field. The volcanic field major axis and some short lines 

of cones show an E-W minimum horizontal compression direction.



CHAPTER 1

INTRODUCTION - THE VOLCANIC FIELD AND ITS SETTING

Pinacate is the largest and youngest of the alkali basaltic 

volcanic fields in the Southern Basin and Range Province. It contains 

two volcanic rock series; an older, differentiated, alkali olivine 

basalt to trachyte series in polygenetic Volcan Santa Clara and 

younger, basalt and hawaiite lava flows with their monogenetic cones 

which cover Santa Clara and the surrounding desert. This younger 

Pinacate volcanism is typical of the type of volcanism represented by 
the numerous other contemporaneous alkali olivine basalt volcanic 

fields in western North America. It constitutes a distinctive volcanic 

type, the dispersed- vent monogenetic volcanic field, which should rank 
as equivalent to the different types of central volcanoes* In this 

context, the differentiated series of Volcan Santa Clara is not related 

to Pinacate and is unique in the region. Among the Pinacate volcanoes 
are some of the World's most spectacular steam blast "maar" craters.

Santa Clara, here described as the first trachyte shield 

volcano to be recognized in North America (Figure 1), is the only 

polygenetic volcanic mountain of late Neogene age in the Southern Basin 
and Range Province. Central eruptions of the differentiating Santa 
Clara series lavas were followed by areally dispersed eruptions of the 

relatively undifferentiated Pinacate lavas with a change in the nature

1



FIGURE 1. VOLCAN SANTA CLARA AND THE PINAGATE VOLCANOES. —  The shield-shaped mountain on the 
horizon is a composite polygenetic volcano of the trachyte shield type, made of lavas erupted out 
of its summit. The monogenetic Pinacate cinder cones (and also maar craters), which dot its flanks 
and form the irregular skyline, are not satellites of the larger volcano. Photo (£) P. Kresan. to
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of the volcanism from polygenetic to monogenetic. This suggests that 

each style was probably the result of different conditions of magma 
generation and/or storage beneath the field. The position of this 

volcanic field adjacent to the head of the Gulf of California, an area 

of crustal spreading active for several million years, has held great 
portent for many geologists and some early investigators regarding the 

origins of the field, especially considering the association of other 
trachyte volcanoes with continental rifts.

Purpose and Scope
This dissertation describes Volcan Santa Clara and the Pinacate 

volcanoes surrounding it in terms of their morphologies and lava 

compositions with reference to a K-Ar chronology of eruptions. Vol

canic relationships described here suggest a general model for late 

Neogene, intra-plate alkaline volcanism applicable to other fields in 

this region. Most intra-plate volcanoes of less than 4 million years 

age in western North America are monogenetic (single eruption), are 

scattered across volcanic fields of limited area and have strontium 
87/86 isotopic ratios less than 0.7045, "mantle" ratios according to 

Faure (1977). Some of these volcanoes have dredged up peridotite and 

pyroxenite nodules from the mantle. The origins of these volcanoes in 
the Basin and Range province have been casually attributed to the 

extensional faulting, although basin subsidence and alkaline volcanism 

are not necessarily contemporaneous.

The Pinacate volcanoes are typical of this kind of volcanism 
but Santa Clara is unique. H.R. Shaw (1980, p. 205) asserts that,
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’'Chemical histories of .... extrusive products are largely governed by 

factors that control the magma transport paths and transport rates".
The similarities between Pinacate and kindred volcanic fields are 

related to common processes of magma genesis. The dissimilar, but 

related, Volcan Santa Clara provides constraints on these processes.
The difficulty lies in recognizing relationships applicable to a 

general model while ignoring unrelated coincidences.

The investigation is based on geochemical and Sr isotopic 

analysis of selected lavas, determination of a potassium-argon 

chronology for the volcanic field and a geomorphic assessment of the 

volcanic landforms with respect to that chronology. This paper is 
divided into,5 major sections detailing; a) geologic setting of the 

field and the effects that setting may have had on the volcanism, 

b) the nature of the Pinacate volcanoes, c) the nature and origins of 
the great maar craters, d) the geochemistry and geochronology of Volcan 

Santa Clara, and e) proposal of a general model for alkaline volcanism 

in the Southern Basin and Range geologic province.

Pinacate is not only a unique volcanic field with spectacular 

enigmas to match its spectacular geology, it is the most exquisitely 

beautiful part of the Sonoran Desert. Undisturbed cinder lag surfaces 

have the velvet-soft appearance of a jeweler's display to contrast with 

cholla, saguaro and senita jewels. Although this field was the subject 

of an earlier dissertation (Donnelly, 1974), to my everlasting good 
fortune its author did not investigate what he considered to be simply

the old basalts of the southern shield.
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Geography and History of Exploration 

Location and Climate

Most of the Pinacate Volcanic Field lies in northwestern 

Sonora, Mexico, with a few of the northernmost cones in Arizona (see 
Figures 2 and 4). Access is provided by Mexican highways 8 and 2 which 

connect to unimproved roads of varying quality within the field.

Details of roads and trails are found in Appendix 1-Maps and Access*

The area around the field is the lower Sonoran Desert, an arboreal 

desert with seasonally abundant vegetation (Felger, 1980). Rainfall is 

sparse and highly variable from year to year. Most rain comes from 

convective storms regardless of season, and the relatively large 

volumes of precipitation concentrated in small areas creates flash 

flooding, an important factor in geomorphic processes in this arid 

land. May (1973) measured 17.8 and 13.3 cm of precipitation at his 

Pinacate Peak weather station in 1971 and 1972 respectively. During 

the course of his climatological study, a 27-month long period passed 
with no significant precipitation measured at Sierra del Rosario> 50 km 

to the west. Occasional hurricanes or massive winter Pacific frontal 

storms are an important but sporadic source of moisture to the area. 
Such storms created widespread floods in the winters of 1978 and 1979 

that washed out several roads.

Temperature varies from below 0° C during rare winter freezes 
to over 50° C in the summers. May (1973).measured a minimum of -8.3® C 

during the great freeze of February, 1971, and a week of daily maximum 

temperatures over 56° C during June of that same year. The high



temperatures of summer make field work impossible because rock samples 
are too hot to pick up. At the other extreme, freezing temperatures 

are so rare that frost action is not important as a geomorphic agent.

Early Inhabitants and Exploration

Humans have inhabited the Pinacate region for millenia. Hayden 

(1976) provides evidence for occupation by the "Malpais" people perhaps 
earlier than 10,000 years ago. Warming climate apparently drove them 

out as it reduced the vegetation. They were succeeded by the San 

Deguito people who in turn were replaced by Amaragosan people. Basalt 

tools, "shrines", trails and sleeping circles on the desert surfaces 

were left by the first two groups; relative ages of occupation have 

been estimated from the degree of desert varnish and depth of burial of 

the tools (Hayden, 1976).

The arid climate is so harsh and variable that populations 
were probably never very large. Spanish explorer priests encountered a 
few "Areneros Pinacatenos" (Sand Papagos) who, by 1912, had all but 

disappeared (Lumholtz, 1912). The people were nomadic and they made 

their camps at the sites of perennial water, the natural tanks cut deep 

into the basalt which are able to retain water throughout the summer in 

all but the driest years. Hetate holes, grinding mortars for crushing 

mesquite beans, are found in the basalt near these tanks.

Even now, few people live permanently in this sun-blasted 

land. Desultory agriculture is practiced on "Ejidos", cooperative 
farms, along the peripheries of the field. Scrawny cattle graze on the

- sparse grass and cactus pads. Woodcutters from Sonoyta, Puerto Penasco

6
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and San Luis are rapidly stripping the field of its mesquite and iron 

wood. The only other economic use of the field is cinder mining in a 
few places on the north side. The Mexican government designated the 

area as a "Parque Natural de Mexico" in 1974 but this does not have the 
same connotation for conservation true of U.S. National Parks. No 
rangers patrol the area and the desecration from trash and "off-road" 

vehicle driving is disgusting.
Padre Esubio Kino first visited the volcanic field in 1698 and 

again in 1701. He originally named the highest peak "Santa Brigida" 

and then changed it to "Santa Clara" on the map he prepared after his 

second visit (Bolton, 1919). Fr. Kino recorded in his diary of 1701 
his observation that this was an area of volcanoes. Juan Maria 

Salvatierra and Juan Mateo Manje, companions of Kino, made similar 

observations; Manje compared the lavas to those of Etna and Vesuvius. 

Santa Clara was thus the first "extinct" volcano to be recognized in 

North America (Ives, 1942). The next serious exploration by non- 

indians took place in 1907 with an expedition from the Carnegie 

Institution of Washington documented by William T. Hornaday (1908).

His book "Campfires on Desert and Lava" is a whizzing good tale of 

tum-of-the-century "gentlemen" hunters bent on shooting anything that 
moved. Many of the geographic features in the field were named by this 

expedition. Numerous other features were named by Lumholtz (1912), who 

followed a few years later exploring and collecting Indian legends.
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Previous Geologic Investigations
Most geologic investigations have been of limited scope. The 

first general description of the volcanic field was provided by Ives 

(1935, 1942, 1964). He viewed the volcanoes in an old-fashioned time 

framework and believed the deeply eroded rocks at Batamote to be Early 
Pleistocene members of the Pinacate series. The obviously younger 

cones and, flows were thought to be late Pleistocene to Holocene, 

younger than 100,000 years, all having come from the same magma chamber 
during that interval. Ives proposed that the different volcanic 

features, particularly the maar craters, resulted from tapping of that 

magma at different times and places. His short paper contains an 

excellent review of the sparse literature to its date. Of particular 

note is Ives' almost clairvoyant assessment of the field's age despite 

his archaic concept of time, "...it is concluded that the first major 
lava outpouring at Pinacate occurred at about the time of the Pliocene- 

Pleistocene transition or perhaps one million years ago."(Ives, 1964; 
p. 38).

Two papers on the maar craters appeared in the field trip 

guidebook for the 1959 Geological Society of America Cordilleran 

Section meeting held in Tucson (Galbraith, 1959; Jahns, 1959). Jahns 

attributed the origin of these spectacular depressions partially to 

interaction between the basalt magma and groundwater. Sumner(1971) 

investigated regional gravity and the magnetic field at the head of the 
Gulf of California. Gutmann (1972,1976) investigated Elegante Maar 

Crater, worked with the megacrysts (Gutmann, 1974,1977; Gutmann and 

Martin, 1976), and explored the nature of Strombolean activity at some
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of the craters (Gutmann, 1979). May (1973) conducted a micro- 

climatological study of the entire Gran Desierto region but made few 
geologic observations. Wood (1972,1974) investigated the gravity and 

magnetic fields of the maar craters. The most complete investigation 

of the volcanic field until this one was the unpublished dissertation 
work of M.F. Donnelly (1974). His study was centered around a 

detailed petrographic study of the Pinacate lava, but he apparently did 

not find any of the Santa Clara lavas in his sampling program. I have 
made use of his geologic map (see Appendix I) and cite his work where 

our conclusions agree but I have chosen to ignore the many points of 
disagreement.

Geology of the Pinacate Region
The Pinacate Volcanic Field lies within the Southern Basin and 

Range Physiographic Province on the western margin of the North America 

crustal plate, adjacent to the complex transform boundary between the 

North America and Pacific Plates (Figure 2). Although trachytic 

volcanoes similar to Santa Clara are common in the East African Rift, 

another zone of continental rifting (although one not easily comparable 

to the Gulf of California), Volcan Santa Clara is the only known 

trachyte volcano on the Gulf. This intimate association of the young 
volcanoes with the active rifting strongly suggests that the volcanism 
was somehow caused by the rift tectonism. Whatever this relationship 

may be, it is probably not a simple causative one.
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Geologic Evolution of the Region

The geologic evolution of western North America has been, "..an 
evolving response to at least 150 million years of subduction." (Gastil 

and others, 1979, p.856). Because very little of this long history 

bears directly on the geology of the Pinacate Volcanic Field, this 

summary is brief. Early subduction- related compression tectonics 

culminated in the Laramide Orogeny in western North America between 75 

and 50 Ha (Damon and others, 1964; Damon and others, 1981). This 
orogeny was followed by a 15 million year period of post- Laramide 

quiescence and general denudation in the region. A Mid-Tertiary 

Orogeny began about 40 Ha with intermediate to silicic volcanism and 
crustal disruption (Shafiqullah and others, 1980). The nature of this 

disruption is unclear but it resulted in accumulation of coarse clastic 

sediments in local basins of unknown shape and extent. The accom
panying volcanism began with sporadic eruptions of andesite and 

culminated with eruption of vast volumes of rhyolite ash flow tuffs 

until early Neogene time between 25 and 20 Ha. This orogeny has been 

attributed to crustal heating from the combined effects of a westwardly 

regressing magmatic arc and approach of a spreading center to the 

offshore trench (Shafiqullah and others, 1980). Subsequent complex

ities were caused by collision of the rise with the trench (Atwater, 

1970; Menard, 1978).

The orogeny was only the first of 3 stages in the tectonic 
evolution of this region (Shafiqullah and others, 1979). The character

of the tectonism changed in the complex transition period of stage 2 as 

the heated crust began to cool. Accumulation of the coarse clastic
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sediments continued as shallow crustal block rotation tilted both the 

younger and the older sediments at various times in different places to 
create an unconformity of local construction but regional extent. The 

heated crust was apparently expanding by ductile shear in all but its 

uppermost layer. Gradual cooling with concomitant change in both the 
style of tectonism and nature of magma generation is the cause of the 

stage 2 complexity. Basalt and basaltic andesite lavas became dominant 

as the rhyolitic volcanism waned (Shafiqullah and others, 1980).
Crustal cooling had sufficiently advanced by mid-Neogene time 

that stage 3 structures show the response of a cold and brittle upper 

crust to continued crustal extension. Crustal blocks parted and basins 

subsided without appreciable block' rotation to make horsts and grabens 

of the Basin and Range province. Intermediate to silicic volcanism had 
ceased in the region by 12 Ma, the beginning of Stage 3, and only 

basalts were erupted after that time. Volcanism in the Pinacate region 

ceased about 11 Ma and resumed 3.2 Ma at Sentinel Plain (Shafiqullah 

and others, 1980) and about 3 Ma in Pinacate. All of the post-3 Ma 

volcanoes in the Southern Basin and Range province are alkali 

basaltic.

Contemporaneous Volcanic Fields of the Region
Numerous Late Neogene volcanic fields can be found in the 

region around Pinacate (Figure 3) in all of the geologic provinces 

including the ocean. With few exceptions, the volcanism is alkali 

basaltic (Leeman and Rogers, 1970) in monogenetic volcanoes scattered 

across the fields. Very few of the fields contain composite



LATE NEOGENE VOLCANIC FIELDS OF THE PINACATE REGION

NR NAME ROCK MAARS? REFERENCE
1 Black Rock Summit AOB Y Trask (1969)
2 Southwestern Utah B-BA Peterson^and Nash (1980)
3 Uinkaret-Shivwits AOB Best and Brimhall (1974)

' - Best and others (1980)
4 Nevada Test Site AOB Damon (unpublished)
5 Coso B/Rhy Duffield et.al. (1980)
6 Mohave Desert -fields Bas
7 San Francisco C-A/AOB Y Damon (Unpublished)
8 Springerville-Show Low Bas Y Grumpier + Aubele (Unpub)
9 Bandera AOB Luedke + Smith (1978)
10 Mount Taylor C-A Y Lipman + Moench (1972)
11 Rio Grande 'Rift -fields AOB Y Baldridge (1979)
12 Obsidian Buttes C-A Muffler and White (1969)
13 Sentinel Plain AOB Shafiqullah et.al.(1980)
14 . San Carlos “ AOB Y II
15 Potrillo AOB Y Hoffer (1976)
16 Palomas AOB ? Frantes + Hoffer (1981)
17 San Bernardino AOB Y Lynch (1978)
18 Guadalupe Island AOB Y Batiza (1977 a,b)
19 San QuinCTiT .. AOB ?
20 Baja Calif, -fields Bas Gastil et.al (1975)
21 Tres Virgines C-A Demant (1981), Sawlan (1981)
22 Moctezuma AOB Lynch, unpublished
23 Cerro Prieta C-A Muffler + White (1969)

H "FIGURE 3. LATE NEOGENE VOLCANIC FIELDS OF THE PINACATE REGION. All 
are dispersed-vent monogenetic volcanic fields, Nrs. 7, 10, 8 and 21 
contain composite central volcanoes in addition. AOB- alkali olivine 
basalt, B- basalt, BA— basaltic andesite, C-A- calc-alkalic rocks.

V "  r ,
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FIGURE 3. LATE NEOGENE VOLCANIC FIELDS OF THE PINACATE REGION.
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polygenetic volcanic mountains. Some of these basalt volcanoes have 

dredged peridotite and pyroxenite nodules from the mantle beneath the 
fields. Volcanic landforms range from low aspect lava cones to 

agglutinate cones and pure cinder cones, reflecting differences in the 

gas activity in the different magmas. Seemingly random regional 
distribution of continental volcanic fields shown on figure 3 and the 

worldwide occurrence of alkali olivine basalt in a variety of tectonic 

settings (Schwarzer and Rogers, 1974) is good evidence that this magma 

type may have been generated independent of crustal tectonics in this 

region and upper crustal structure provided little or no control on the 

volcanism. The sources of these magmas are discussed in Chapter 5.

Pinacate is the southwesternmost of an apparent line of 

volcanic fields that corresponds to the "Jemez Zone" of Mayo (1958). 

Mayo found several such "lineaments" in the distribution of Laramide 

and younger ore deposits and he suggested a possible ore-genetic 

significance to the lineaments. Laughlin and others (1978) have 

similarly suggested, without explanation, a possible genetic link 

between these late Neogene volcanic fields and Mayo's Jemez Lineament. 

This "crypto-structure" is not reflected in structures within the 

volcanic field nor is it related to any other structural features 
of the region such as basin-range faults.

While the Jemez lineament cannot be dismissed as meaningless 

with our present knowledge, it may be one of those coincidences which 
should be noted but accorded little importance. This is not the only 

line of volcanic fields which can be found on this map. The 3 volcanic 

fields having the most completely differentiated alkaline rock series
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so far described in the region are on this line; Mesa Chivato, Pinacate 
and Guadalupe Island. However, Guadalupe Island, on the extension of 
the lineament across the plate boundary, was only recently delivered to 

it by northwesterly relative motion of the Pacific Plate. Other, not 

well described, differentiated rock series are found in fields not on 
the line so this apparent unique property is probably coincidental.

All of the volcanic fields depicted in Figure 3 are younger 

than 6 Ma. Some K-Ar minimum ages and/or cone morphologies show these 
fields to be extinct while others, like Pinacate, are only dormant.

The most recent eruption in the region occurred at Tres Virgenes about 

300 years ago and the next most recent documented eruption was Sunset 

Crater in the San Francisco Peaks Volcanic Field (references in 

Figure 3). The report of a Pinacate Eruption in 1930 is false.

Development of the Gulf of California

The Gulf of California is a complex and somewhat enigmatic 

structural province. Seafloor spreading associated with plate margin 

tectonics is partially responsible for its opening (Moore and 

Buffington, 1968), although most investigators agree that the sea 

occupied a "Proto-Gulf11 prior to the eastward jump of the plate 

boundary (Karig and Jensky, 1972; Gastil and others, 1979). This 
Proto-Gulf was initially an inundated part of the Southern Basin and 

Range Province. Although we tend to think of the Gulf and the San 

Andreas transform as the western boundary of this province, basin-range 

type structure is found in eastern Baja California across nearly 

one-third of its width (Gastil and others, 1971).



Channels containing characteristic volcanic clasts from dated 

flows in Sonora cross the present site of the Gulf and thus limit the 

age of the structural basin to post- 15 Ma (Gastil and others, 1981). 

Gastil and others (1979) suggested that basin subsidence began about 10 

Ma, based on the ages of the oldest (extension related) basalts, but 
evidence that major basin subsidence began about 15 Ma and was well 

advanced in south-central Arizona by that time (Shafiqullah and others, 

1980) offers the possibility that subsidence in the Gulf basin may have 

begun earlier.

The transform boundary created by collision of North America 

with the East Pacific Rise and the resulting change in plate relative 
motions as the Pacific plate came into contact with North America, 

apparently developed offshore to the west of the continent (Atwater, 

1970; Menard, 1978). Evidence from magnetic lineaments on the seafloor 
at the mouth of the Gulf indicates that this transform "jumped" inland 

into the western part of the Basin and Range Province about 4.5 Ma 

(Larson, 1972; Moore and Buffington, 1968; Moore, 1973; Atwater and 

Molnaar, 1973). Since that time, Baja California has drifted north

westward 270 to 300 km (Gastil and others, 1981). The Colorado 

and Gila River systems became connected to the northern end of the 

Gulf-basin sometime after 5.5 Ma bringing vast amounts of sediment into 

the area (Shafiqullah and others, 1980). Accumulation of this sediment 

in the northern Gulf has masked whatever seafloor structures have been 
created by the spreading although hydrothermal activity at Cerro Prieta

and along the the southern Salton Sea (Muffler and White, 1969) 

suggests an active mantle heat source in those areas.

16
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Site Geology

The site of Pinacate is entirely within the Southern Basin and 
Range geologic province directly adjacent to the edge of the Gulf of 
California - Salton trough. This edge forms a physiographic boundary 

that passes along the western edge of the Gila - Butler Mountains and 

west of the Sierra Extranja (Figure 4). West of this line is the Gran 
Desierto del Altar where bedrock is found only in low hills projecting 

out of the sand. These hills appear to be the tops of ranges which 

have foundered in the trough. 01mstead and others (19731 have 

estimated the depth of one typical basin between the Butler Mountains 

and the Border Hills to be 2100 to 2700 meters based on the anomaly of 

gravity. The western boundary fault of this basin is the Algodones 
Fault which branches from the San Andreas Fault near the Salton Sea.

It appears that both dip and strike slip motion has occurred on some 

branches of the San Andreas system in this area.
Physiography to the east of the boundary is classic basin-range 

with the trends of the narrow ranges and broad basins parallel to the 
trough edge. Although the mountain fronts appear straight, they are 
deeply embayed and obviously of an advanced erosional age (Bull and 

McFadden, 1977). Subsurface structure is not well understood because 

there is little surficial evidence to indicate the locations of the 

range-front faults presumed to be buried beneath the alluvium. A 

single reconnaissance gravity line that I ran across the Lechugilla 

Valley indicated relatively shallow alluvial fill in this basin. No 
evidence of relatively recent normal fault movements can be found in
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FIGURE 4. LANDSAT/ERTS VIEW. —  The 
thin line is the international border, 
the dashed line is the physiographic 
boundary discussed in the text._Lr~'

SON.
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the Sonoran Desert to compare with the scarps of the Santa Cruz and San 

Bernardino Valleys of the Southern Basin and Range eastern Mountain 

section.

Although the ranges to the northwest of the field strongly 

suggest a structural control of their physiography^ this apparent 
structure is not evident within the volcanic field. The ranges of 

crystalline rock that lie adjacent to or project through the Pinacate 
lavas are shorter, more widely spaced and more randomly oriented than 

are the highland ranges to the north. This physiographic grain is not 

reflected in cone alignments within the volcanic field.

Geophysical studies show the crust and upper mantle beneath the 

Southern Basin and Range Province to be anomalous as compared to the 

surrounding provinces (Pakiser, 1963; Prodehl, 1970). The crust is 

thin, 25-30 km, and the sub-crustal lithosphere appears to be mech
anically uniform (Langston and Helmberger, 1974). Heat flow is 

high, generally greater than 2 HFU (Lachenbruch and Sass, 1978). A low 

velocity layer, oft invoked as a site of partial melting within the 

mantle and an important part of my model, has been found at a depth 

between 70 and 170 km (Shurbet, 1972). Eaton (1980) noted the "broadly 

distributed nature" of basin-range extension as compared to other sites 

of continental rifting. He characterizes the Sonoran Desert section as 

a region of "profound erosion and tectonic inactivity" where crustal 

extension ceased between 10 and 6 Ma. He refers to the crust as 
"fractured and permeable" and suggests that dike- or bleb- like bas

altic intrusions rising into the extending crust "accommodated" the 

extension and also account for the high heat flow. This implies that 
the crust of this province is "transparent" to the passage of magmas.
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The Country Rocks
Basement consists of coarse grained quartzo-feldspathic rocks; 

schists and gneisses of Precambrian age containing Mesozoic and lower 

Cenozoic granitic plutons (Figure 5). The sharp, angular mountains of 
the area reflect the weathering characteristics of this rock in the 
arid climate. Fragments of the basement are not uncommon as bomb cores 

or inclusions in the basalt. The basalt of CC 5222 (see App. I for an 

explanation of this code) contains zones rich in disaggregated feldspar 

and quartz fragments torn from the upper conduit walls.

Various Lower Neogene volcanic rocks are found in the mountains 

around the field (Table 1). The lowermost units are andesitic breccia, 

agglomerate and massive hornblende andesite flows. Those found in the 

Cabeza Prieta Mountains were erupted between 16 and 18 Ma into a desert 

topography much like the modern mountains (Lynch, 1976 b). Ash flow 

tuffs of the Mid-Tertiary Orogeny's stage 1 and early stage 2 are not 

found in the vicinity of Pinacate, the closest are at Organ Pipe Cactus 

National Monument 60 km to the east.
Basalt and basalt-like andesites are found above these older 

agglomeratic rocks, in some places separated from them by uncon

solidated alluvium. Compositions range from sub-silicic basalt to 
trachy-andesite (Table 1) and ages range from 15 to 11 million years. 

Many of these units have been rotated, dips are 30* west at Mesita 

Andesita and 6 ® northwest at Microondus San Pedro. The volcanic plugs 

at Puerto Penasco which appear to be of possible Pinacate age belong to 

this group.



FIGURE 5. GEOLOGIC PHOTOGRAPH OF THE PINACATE AREA

Differing lithologies contrast sufficiently in this Skylab 4 photograph 

for it to serve as a geologic map. Darkest tones are the Pinacate 

lavas and the other Neogene volcanic rocks. Precambrian metamorphic 

rocks are also dark but the "filigree" landforms are distinctive. 

Lighter toned rocks of the same texture are the Mesozoic and earliest 

Cenozoic plutons. Note the dune sand which completely surrounds the 
field. Dunes on the east are stabilized and are being eroded while 

those on the west are active. "Sand shadows" can be seen downwind from 

cones on the southeast and northwest. Numbers refer to the table 

below. Skylab 4 photograph courtesy NASA.

Nr. Rock type / location Age (M.Y.) Ref.
1. Gneiss 1670
2 . Gneiss 1650
3. Gneiss 1450
4. Gneiss (?) 1450
5 Leucocratic gneiss at "Pinacate" 1460 * 50

1340 * 50
6 . Granodiorite, Pelican Point 92
7. Granodiorite 73
8 . Granite, Gunnery Range Batholith 53.1 ± 1.3
9. Granite, Gunnery Range Batholith 52.5 ± 1 . 1

1 0 . Hornblende andesite, Cabeza Prieta 17.8 t 0.5
1 1 . Andesite, Cabeza Prieta lowest flow 16.1 t 0.4
1 2 . Basalt, "cone" at Puerto Penasco 15.1 * 0.3
13. Trachy-andesite, Mesita Andesita 13.4 ± 0.3
14. Basalt, top flow Microondus San Pedro 1 2 . 6 ± 0.3
15. Tholeiitic basalt, Mesas de Malpais 10.5 ± 0.4

3
3
3
3 
2
4 
3 
2 
2 
2 
2 
1 
2 
1 
2

References: 1. This work; 2. Shafiqullah and others, 1980;
3. Anderson and Roldan, 1979; 4. Anderson, T.H., 1981; and
oral presentation at Cordilleran Section GSA meeting, 
Hermosillo, Sonora, 1981.
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FIGURE 5. GEOLOGIC PHOTOGRAPH OF THE PINACATE AREA.
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TABLE 1• —  PRE-PINACATE NEOGENE VOLCANIC ROCKS

LOCATION ROCK DESCRIPTION - UNIT NAME ATTITUDE AGE C R

Cabeza Prieta Hornblende andesite, dikes and pipes 
cutting Gunnery Range Granite

vert 17.8
+0.2

2

Cabeza Prieta Agglomeratic andesite flows in old 
topography of Cabeza Prieta

N 35 W 
30 NE

16.1
+0.4

X 2

Batamote Autobrecciated andesite - lowest units 
in Batamote Hills,'East Side

? <15 1

Puerto Penasco Basalt cone remnant, Punta Penasco 
scoria remains, north side undist

15.1 
t0.3

X 1

Hesita Andesita Trachyandesite, solid, basalt-like flow 
rich, dark brown desert varnish.

N 20 W 
30 NE

13.4
±0.3

X 2

Microondus San 
Pedro, Batamote

Basalt capping Batamote Hills, top 
flows rest on partly indurated sed. 
top layers concordant with flow.

N 35 E 
7 NW

12.6
±0.3

X 1

Mesas de Malpais Tholeiitic basalt, south end Tinajas 
Altas - cut by Basin Range faults

Horiz 10.5
±1.0

X 2

Exxon test well Basalt unit found at depth of 3120 m 
beneath Colorado River sediments

? 5.4
±1.0

2

La Jolla Wash Remnant basalt lag on eroded Gunnery 
Range Granite

Undist 7 X 1

La Jolla Wash Andesite pipe exposed east side 
not related to above unit

vert 7 X 1

Sierra de Tuseral Agglomeratic andesite on eroded gneiss 
possibly related to Cabeza Prieta

7 7 X 1

Sierra Suvuk, West Massive flow basalt rests atop auto- Horiz 7 X 1
brecciated andesite

Referencest 1. This work. 2. Shafiqullah and Others9 1980
Hotel X in column ,,CM indicates chemical analysis in Appendix III.
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A thin tholeiite basalt flow at Mesas de Malpais is the 
youngest of this group. It is nearly horizontal and is cut by several 
normal faults thus showing a continuation of basin subsidence after 11 

Ma. Unconsolidated sediments preserved beneath this flow and a stream 

channel superposed through it indicate a general denudation of the 

region in early Neogene time.

These older volcanic rocks originated from the volcanic- 

tectonic conditions of stage 2 when the crust was cooling. The 
strontium isotopic ratio of one is near the "mantle" ratio (0.7040) 

while others are much higher (Appendix 3). Elevated Sr initial ratios, 

suggestive of some crustal component in the magma, have been observed 

in all Stage 1 and 2 rocks and some older stage 3 rocks (Damon, 1971; 

Shafiqullah and others, 1980).

The valley-filling alluvium is the youngest of the pre-Pinacate 
units. Sparse precipitation assures that the quartzo-feldspathic 

detritus eroded from the ranges is transported only short distances to 

accumulate in the basins. These sediments are saturated with ground 
water to relatively shallow depths, a resource now being exploited for 

agriculture and to serve the town of Puerto Penasco. This abundant 

ground water makes a pre-volcanic river or other external source of 

water unnecessary for the atypical volcanic processes discussed in 

chapter 3.



24

The Landscape and Ephemeral Water

The landscape of the site onto which the earliest lavas of this 
volcanic field were erupted probably appeared very much like any of the 

nearby modern desert basins. This modern landscape was the creation of 

arid land geomorphic processes working on a tectonically active crust 
undergoing crustal extension in the Basin-Range disturbance (Damon and

others, MS). Rates of geomorphic process are slow and much evidence 

can be found to suggest that the landscape has changed little in the 
past several million years.

Running water is ephemeral and the amount of detrital material 

available to be moved is large. Although stream gradients are low, the 
regional drainage net is well integrated through the interconnecting 

desert basins. Rio de Sonoyta, which drains a large area to the east 

of Pinacate, has an average gradient of 4.16 m/km from Sonoyta to the 

Gulf. In the wet winter of 1979, water flowed all the way from the 

edge of the Chihuahuan highlands west of Nogales to Bahia San Jorje at 

Puerto Penasco, a rare event of great wonderment to local desert rats 
like myself. Most other streams are short and many end in the sand of 

the basins rather than joining the drainage net.
The "Pinacate River", a mythical pre-volcanic channel where the 

Rio de Sonoyta was supposed to have flowed westward across the site of 

the northern end of the field, was first proposed by Ives (1936) and 

has been invoked by Jahns (1959) as source for the water involved in 

the steam blast eruptions. It is mentioned again, without explanation, 

by Arvidson and Mutch (1974). Confinement of the river channel between 

basalt hills at Batamote (Figure 6 ) shows that the river has been in



25

FIGURE 6. RIO DE SONOYTA AT BATAMOTE. —  The river channel is super
posed on Che old basalt hills as a result of a general Neogene denud
ation of the region. This superposition establishes the relative 
antiquity of this channel and disproves the existence of a former 
"Pinacate River" channel across the northern end of the field.
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its present course for a considerable period of time. Several 

ephemeral streams in this area occupy channels cut through ridges of 
metamorphic or pre-Pliocene volcanic rock, superposed on the topo

graphy. These relationships are best exhibited at Mesas de Malpais 

(Figure 5, Nr. 13) suggest that parts of a drainage net established on 
alluvium which had covered these ridges prior to about 10 Ma, were 

"let-down" onto and through these ridges as the alluvium was excavated 

before 3 Ma. Rio de Sonoyta is one of these streams and is superposed 
on older ridges at Batamote and at Quitobaquito, 25 km upstream.

Drainage within the volcanic field is radial to Santa Clara in 

the manner normal to most volcanoes. In some places where streams have 
flowed off one lava flow onto another, deep plunge pools have been 

excavated in the lower, flows and water remains in these natural "tanks" 

over the dry season. Large animals, pre-historic Indians and occas

ional geologists have depended on this water for survival. Beyond 

the margins of the lava, most stream courses disappear in the sand, 

particularly on the west side where dunes are encroaching onto the 
flows. On the east, a peripheral stream parallel to but separate from 

Rio de Sonoyta has been blocked by Cerro Colorado Crater to create Diaz 

Playa (Figure 5). This "stream" consists of a series of anastomosing 

channels distributed across a wide swath of desert. Tear-drop shaped 

patches of sand were observed around creosote bushes after the floods

of 1979 indicating sheetwash as the general mode of flow in this 
diffuse "stream".
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Sand of the Gran Desierto

Wind-blown sand is as important a geomorphic agent as is 
water. The volcanic field is surrounded by sand dunes although the 

only active dunes are on the west and south sides (shown in Figure 5). 

The distributions and shapes of the dunes have resulted from prevailing 
southwesterly winds. Source of the sand is the Colorado River Delta 

(Merriam, 1969). Barchan-like dunes predominate in the Gran Desierto 
and longitudinal dunes are found in the gap between the volcanoes and 
Sierra del Tuseral on the northwest. Dunes on the east are mostly 

stabilized by scrub vegetation and the sand has been eroded by streams 

issuing from the low mountains.

The longitudinal dune field on the northwest shows that the 

wind is channeled between low hills, and the sand is transported only 

in the lowest few meters of moving air. Sand is unable to climb over 

even low obstacles so that cones in this area have sand shadows 

downwind (Figure 7)(Arvidson and Mutch, 1974). Similar sand shadows 

can be seen behind older basalt hills to the southeast (Figure 5).

The encroachment of sand onto the western lava flows is a 

complex interaction between wind and water. Sand dunes are little 
affected by rain or runoff because the sand is dry most of the time and 
water effects quickly disappear. In contrast, sand blown onto the hard 

lava surfaces is easily removed by sheetwash runoff from the typical 

rainstorms. Eventually, sufficient sand accumulates to resist whole

sale removal by the rain and the dunes are able to claim some of 

the lava (Figure 7). The great western maar craters are also filling 

with sand (Arvidson and Mutch, 1974). The large dune forming beneath



28

FIGURE 7. SAND PATTERNS AROUND PYRAMID CONE (CC 5940). —  Prevailing 
wind is from the southwest as indicated by the longitudinal dunes atop 
the lava flow and by the wind shadow behind the cone. Sand on the 
windward side has climbed almost to the breached crater lip. In the 
background, longitudinal dunes curve to the right where the wind is 
channeled between the Sierra de Tuseral and other cones to the right 
out of the picture.
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the southwestern rim of Molina maar presages the eventual filling of 
the crater.

Sand is critical to the degradation of the cinder cones. Loose 

cinder is so porous, it allows rainwater to percolate immediately into 

the cone surface making the cinder cone practically indestructable. 
Fragments can be moved downslope only if some effective shear is 

applied parallel to the cone surface by runoff. When blown sand fills 

the spaces between cinders at the surface of the cone> it prevents 

rainwater from immediately penetrating and allows it to run off. Cone 

5221 (Tecolote) is not eroded because insufficient sand has accumulated 

in its cinders while adjacent cone 5222 (Mayo) has rilles in the 
sand-plugged cinder slopes.

29



CHAPTER 2

THE PINACATE VOLCANOES

The Pinacate volcanoes are primarily cinder and agglutinate 
cones with their attendant lava flows, along with rare maar craters and 

tuff rings, which cover 2000 km2 (200,000 hectares) of Sonoran Desert 
on and around Volcan Santa Clara. The volcanic field is roughly oval 
shaped with a north- south major axis of 6 6 km and an east- west minor 

axis of 40 km (Figure 8 ). Donnelly (1974) viewed the field as three 

overlapping shield structures, Santa Clara on the South and two less 

distinct rises to the north of it. His geologic map displays 329 cone 

groups with 418 eruptive centers (vents) although his text refers to 

500 cones. A complete range of erosional morphologies can be seen in 

the Pinacate volcanoes from pristine, new cinder cones to eroded 

remnant plugs (Figure 9). This range of morphologies and a lack of 

strong structural control indicates that the Pinacate volcanism was 

random in both time and space within the limits of the field.

The Pinacate volcanism is monogenetic; each volcano has its own 
conduit which was active for that one particular eruption only.

Although young cones have been built atop older cone remnants, the old 

conduit was not re-used for the later eruption (Figure 9). As with 

other monogenetic volcanoes, eruptions were probably of short duration, 

a few months at most. Wood (1980) reported that 93% of historic cinder

30



31

FIGURE 8. SKYLAB 4 PHOTOGRAPH OF THE PINACATE AREA. —  Geographic 
features are identified in Appendix I. North is at top, approximate 
scale 1:250,000. Photograph courtesy NASA.



mis I• >■ "
- ■ y -

'

ri
B y

■ ■ 6S
>vt

tefeJB
.

FIGURE 9. CONES OF THE SOUTH FLANK. —  "Horseshoe", one of the youngest flows, originates from the 
uneroded cone perched on the left side of an older, eroded, cone (CC 4328D- upper center). These 
cones illustrate the range of erosional morphologies which attest to the time spans between 
eruptions. wN>
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cone building eruptions lasted less than 1 year and most cinder cones 

were constructed in the first twelve days of eruption. Simplistic 

calculations of magma velocity necessary to raise peridotite nodules in 

the San Bernardino Volcanic Field predicted eruption durations of 2 to 
6 weeks (Lynch, 1976 a). Fedotov (1976 a) used the parameter of heat 
loss from the rising magma to limit possible eruption durations to a 

similar time range.

The range of K-Ar ages and the variety of erosional morph

ologies shows that the volcanism has been continuous. The modeled 

eruption durations and observations of modern eruptions suggest short 

periods of activity. Even with the unlikely possibility that some 
eruptions lasted over 1 0 0 years, the assumption of more than 400 
eruptions evenly distributed over the time since eruption of the oldest 

dated flow 1 . 2 million years ago yields an average recurrence interval 

of about 3000 years with dormancy the most common condition. This 

style of volcanism should be termed "continuous-episodic".

Pinacate is a type example of dispersed-vent monogenetic 

volcanism. The lavas constitute a discrete mappable rock unit; 

eruptive centers are dispersed within a limited area, and monogenetic 

eruptions were sporadic within a definite time period. Except for the 

anomalous Volcan Santa Clara, rock compositions are similar. These 

parameters are characteristic of most of the late Neogene volcanic 

fields in North America which are not related to subduction processes.

Volcanic features of Pinacate are similar to those of the 
Hawaiian volcanoes described by Wentworth and MacDonald (1953) and 

illustrated by Carr and Greely (1980). Cone heights rarely exceed 200 m
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and erupted volumes range from 10 to 10^im̂ . Rock compositions 

fall in the restricted range of basalt and hawaiite. No time-dependent 

variation can be found in the types or compositions of material erupted 

over the history of the volcanism showing uniformity of Pinacate 

magmas, particularly with respect to volatile contents and their 

exsolution. The nature and volume of pyroclastic material is the 

only indicator remaining for the volatile content of the magmas.

Structural Features of the Volcanic Field

Cone Alignments

The Pinacate Volcanic Field does not exhibit the kind of 
clearly parallel or sub-parallel patterns of cone alignments which can 

be directly related to a strongly differential crustal stress field as 

epitomized by the Uinkaret Volcanic Field of the western Grand Canyon 

area (Hamblin, 1970). Despite the apparent strong structural control 

of the regional physiography and proximity of the tectonically active 

Gulf of California, distribution of the cones in the field appears to 
be more or less random. About 3/4 of the cones are concentrated in a 

sinuous band of about 1/5 the area of the field (Figure 10). The few 

long lines of cones that are prominent on figure 8 are neither parallel 
to each other nor to the regional physiographic trends. None of the 

directions depicted in figures 1 0 and 11 are parallel to either trans

form or spreading structures in the Gulf. Only a few short lines 
of cones oriented roughly N-S are clearly parallel to each other.
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CONE DISTRIBUTION

• :•>

— The dotted curve encloses 75%FIGURE 10. STRUCTURAL FEATURES MAP 
of the eruptive centers in the field. Cone distribution appears random 
with few exceptions. Numbers refer to alignments described in Fig. 11.
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BASIN-RANGE 
EXTENSION

AXIS-
STA CLARA

Structural elements within the volcanic field.
Nr. Trend Length Name/comment
1 . N58W 35 km MacDougal - Elegante line contains 32 Cones
2 . N62W- 2 2 km Contains 12 Cones
3. N48W 17 km Contains 8 Cones
4. N70W 2 km Carnegie Fissure
5. N25W 3 km Tecolote Crater Chain
6 . N-S 3 km Short lines of 2-4 contemporaneous cones
7. N20W 18 km Major axis of Santa Clara Shield

Structural elements in the Pinacate Area.
A. N30-40W Trend of regional mountain fronts
B. N50W South end Tinajas Altas Mountains
C. N65W Joints, Gunnery Range Batholith
D. N70E Gila River "graben"

FIGURE 11. STRUCTURAL ROSE DIAGRAM. —  Lines of eruptive centers and 
short fissures constitute the only "structural" features of Pinacate in 
the absence of major dikes or faults. Cones in the individual short 
lines (6 ) appear to be contemporaneous while those in the longer lines 
(1-3) are clearly of different ages.
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Relationships of Faulting and Volcanism
A continually vexing "fact” of conventional wisdom about the 

occurrence of volcanoes in the southern Basin and Range province is 

that the volcanism is somehow caused by "deep basin-range faults". The 

idea springs from a generally observed parallelism between chains of 
volcanoes and surface faults in places like the Uinkaret Volcanic Field 

(Hamblin, 1970) and many of the Rio Grande Rift volcanic fields 
(Baldridge, 1979; Woodward and others, 1975). The reasoning is that 
pressure is reduced when the fault moves and, since enthalpy of melting 

is proportional to pressure according to the Clausius-Claperon 

relation, the isothermal pressure drop reduces the temperature of 

melting below ambient and magma is produced. The newly formed magma 

then exploits the "weak" fault plane as a conduit to the surface. 

Theoretical considerations of the relationship between crustal 
stresses and magma intrusion suggest that the surface features of a 

volcanic field should reflect the orientations of crustal stresses 

beneath the field. This stress field effect on magma intrusion is also 

mistakenly interpreted to be intrusion control by fracture position, 

often with the implication of some lateral magma migration to seek out 

a weak path through the crust (Best and Brimhall, 1974; Baldridge, 
1979).

Williams and McBirney (1979, p.50) state, "..the rise of magma 

appears to be a passive response to differential tectonic stresses that 

open dilational fractures whenever (those) stresses fall below the 
hydraulic pressure of the magma and the tensile stresses of the rock". 

Thus, the hydrostatic magma pressure most successfully opposes the
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least principle stress. Nakamura (1977) has determined that the 
alignment of cones satellite (parasite) to the composite volcanoes of 
Japan and the Aleutian Islands are perpendicular to the axes of 

subduction. He assumed that the compressional stress generated by 
convergence and the vertical force of gravity are the intermediate and 

maximum principal stresses respectively, and so these volcanoes are 

aligned perpendicular to the minimum stress direction (MHC - minimum 

horizontal compression) in those areas. Shaw (1980) asserts that all 
magma transport occurs along "extensional fractures" which only form 

perpendicular to the minimum principal stress.

Figure 12 illustrates the separate stress regimes of intrusion 

and normal faulting. Baker and others (1978) noted that episodes of 

normal fault movement and volcanism alternated in the Kenya Rift. They 

concluded that there is no condition of stress under which magma can 

ascend and faulting occur simultaneously. The heated rock of the lower 

crust may be incapable of brittle failure by faulting at the strain 

rates imposed by basin-range extension. In fact, the extension is 

probably the result of expansion of the sub-crustal mantle which 

creates the differential stress fields illustrated in Figure 12. No 

evidence can be found to indicate that Sonoran Desert basin margin 
faults pass through the crust into the mantle but, to the contrary, 

modem ideas of basin- range tectonics consider these faults as passing 

into a zone of ductile shear in the lower crust (Stewart, 1978; Eaton, 

1980). If faults were simply responsible for the volcanism, the whole 

region should be awash in lava rather than having the volcanoes in 

discrete volcanic fields. An additional consideration for Pinacate is
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FIGURE 12. STRESS REGIMES OF FAULTING AND MAGMA INTRUSION. —  This 
plot of vertical compared to horizontal stress illustrates the type 
of expected structural behavior for various stress differences. Com
pressions! regimes fall below the <rx = <rz line where cTz is the 
minimum principal stress. Passively emplaced magma of neutral buoy
ancy at the base of the crust will be in the stress field at "A" in 
hydrostatic equillibrium. crx remains constant as a function of depth 
while increasing pressure within the magma body will subtract from o% 
and eventually overcome the tensile strength of the rock (the effective 
stress field at "B") and dike injection will commence. The stress dif
ferences at "C" do not favor dike injection. Dikes exploit dilational 
fractures in the plane of o} . - 05. while shear occurs on planes 
at a 30" angle to it. The normal stress on that shear plane exceeds 
O 3 (Hubbert, 1959), which would prevent magma from intruding along 
it. (Diagram after Roberts, 1970; Baker and others, 1978).



the apparent lack of extension in the region for several million 
years.

Settle (1979) made morphometric analyses of cinder cone fields 

using the parameters of cone spacing, basal diameter and height (but 
not age). He concluded that, "Cone spacing is largely controlled by 

the size and spacing of crustal fractures." (p. 1104). The basic 

assumption of cone spacing analysis is that the distances between 
conduits is determined by the effect one magma batch has on another as 

a function of either depth to the magma chamber or crustal stress 
conditions. These constraints are difficult to apply to eruptions 

separated by long time periods. The crust is so pervasively fractured 

(Eaton, 1980) that the magma need seek no further than the top of the 

chamber for a path to the surface. The cones are directly above their 

respective magma chambers and their spacing reflects magma chamber 

position in the mantle.

Mathematical modeling by Fedotov (1976 a) indicates that magma 

will intrude as a dike in the plane of the maximum and intermediate 
principal stress directions. Dikes thinner than about 3 m freeze 

without propagating much distance. A dike of 5 m width should have a 

length of 2 to 5 km at upper mantle - lower crustal depths. This 

width/length ratio is a function of the mechanical properties of the 

intruded rock, particularly density and Young's modulus, not on the 

magnitude of the stress difference, so even weakly differential stress 
fields can create chains of cones. Since both parameters decrease at 
progressively shallower depths and change sharply at contacts, the dike 

becomes shorter and wider as it propagates upward and the w/1 ratio can

40
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increase by two orders of magnitude where the dike crosses the contact 

between bedrock and alluvium. A single, long dike may feed a single 

cone, or may bifurcate into several shorter, wider dikes to create a 

chain of simultaneously active cinder cones on the surface which will 

be aligned perpendicular to MHC at depth. Thus, only lines of 
contemporaneous cones will indicate orientation of the horizontal 

crustal stress field at the time of eruption in accordance with my 

model wherein each eruptive episode involves an independent magma 

chamber and magmas do not flow laterally to seek particular paths of 

crustal weakness. Simple lines of cones (which may appear by eye- 

integration on high altitude aerial photographs) cannot be directly 
related to the crustal stress field unless the cones are 

contemporaneous.

Structural trends depicted in figures 10 and 11 appear to 
indicate a nearly isotropic horizontal stress field or, at most, a 

weakly E-W directed MHC in the crust beneath Pinacate over the life of 

the field. On Figure 11, the most definite apparent line (Nr. 1) is 

oriented N60W and the adjacent, next most definite line is oriented 

N55W (Nr. 2). Both lines contain cones of widely differing ages. 

Several short lines of possibly contemporaneous cones are oriented N-S 
(Nr. 6). These cone groups suggest the weakly directed E-W minimum 

horizontal compression beneath the field. Of the two fissures, one is 

N70W, the other is N30W. This weak structural control is a marked 

contrast to the San Bernardino (Lynch, 1978) and Uinkaret (Hamblin, 

1970) Volcanic Fields (Figure 3) where cones are arrayed along definite 

lines. The field major axis as well as the band of cone concentration
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are oriented N-S. This kind of orientation cannot be related to 

crustal stresses in the same manner as single lines of contemporaneous 
cones.

Effects of Gulf of California Tectonism
• Associations of volcanoes with crustal plate boundaries, 

particularly at spreading centers, and the vast alkaline volcanism in 

the East African Rift, almost demands some link between the Pinacate 
Volcanic Field and the immediately adjacent Gulf of California. Sumner 

(1971) found gravity and magnetic anomalies southwest of the field in 
the Gulf basin and suggested, without explanation, that these anomalies 
confirmed such a link. Lomnitz and others (1970) used the Pinacate 

volcanism as evidence for a spreading center in the northern part of 

the Gulf. But, a detailed study of the northern end of the Gulf by 

Henyey and Bischoff (1973) identified a probable spreading center in 

the Delfin Basin southwest of Puerto Penasco and suggested another 

possible spreading center northeast of San Felipe, neither of which 
have axes that extend toward the Pinacate Volcanic Field. Donnelly 

(1974) broadly attributed the Pinacate Volcanism to magma generation on 
the East Pacific Rise and suggested, again without explanation, that 

the magma was somehow "conveyed" to the site of volcanism by the Gulf 

transform faults.

Generation of the Pinacate and Santa Clara magmas by processes 
directly associated with plate motions cannot be ignored but is unlikely 

for two reasons; singularity of this field as the only "San Andreas" 

alkaline volcanism, and occurrence of closely similar rock series in a

\
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variety of other geologic environments far removed from major plate 

boundaries. Tectonic control of the conduits may be related to "drag" 

along the transform boundary. A classic paper by Hubbert (1959) 

showed that shear fractures usually form in a plane parallel to the 

intermediate principal stress direction and at a 30° angle to the 
maximum principal stress direction. Since the transform faults strike 

N35W in this area, the inferred maximum principal stress is oriented 
N-S and the minimum principal stress (MHC) is E-W. This crustal MHC is 

probably responsible for the short lines of cones but the concentration 

band and the field long axis are less easily explained. Since the 

transform fault must extend through the entire lithosphere, it may 

somehow affect magma rise through the sub-crustal mantle to promote 

collection of volcano-genic magma bodies beneath the observed band.

This is, however, speculative and illustrates how this relationship of 
the volcanism to the plate boundary is not simple.

The Pinacate Series Lavas

The Pinacate series lavas defined here are alkali olivine 

basalts and hawaiites according to the definition of Irvine and Baragar 
(1971) and are alkaline by the criteria of MacDonald and Katsura (1964) 

and Schwarzer and Rogers (1974) (Figure 13). The compositional range 
is limited as compared to rocks of the Santa Clara series (Chapter 4) 
and the pyroclasts found in cones of all ages are so similar that 

uniformity of volatile content is suggested also. Lavas associated 

with the maar craters (discussed in the next chapter) are indistin

guishable from the others. These rocks were the main topic of M.F. 

Donnelly’s (1974) dissertation.



ALKALIC

THOLEIITIC

FIGURE 13. COMPOSITIONAL FIELDS OF THE ALKALINE ROCKS. —  MacDonald and Katsura (1964) separated
the tholeiitic and alkaline basalt types using the solid line on this silica-alkalies diagram.
Schwarzer and Rogers (1974) modified the boundary to the curved dashed lines. Shown are the
compositional fields of the Pinacate (P) and Santa Clara (S) series. 4>
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Petrography

All of the lavas I have seen are porphyritic and 98% of the 
flows described by Donnelly (1974) contain "mega-phenocrysts".

Textures of the rocks reflect the vagaries of eruption temperature and 
cooling history; most are holocrystalline to microcrystalline inter
granular. The larger groundmass pyroxene and plagioclase crystals have 

ophitic to sub-ophitic textures.

Abundant megacrysts, phenocrysts more than an order of 

magnitude larger than the average groundmass crystals, are the most 

striking feature of the Pinacate lavas. These megacrysts are most 

noticeable in the cinder deposits where they are easily weathered out, 
but they are also common in solid flows. The most abundant type is 

transparent, honey-yellow, gem-quality labradorite plagioclase followed 

by shiny, black, aluminous clinopyroxene. Spinel is much less common 

while olivine and kaersutite are rare. These crystal shards seen on 

every lava flow surface have appeared to many explorers like broken 

glass, hence the name "Los Vidrios" given to a local rancho and to a 
roadside gas station on highway 2 .

Plagioclase, andesine to labradorite, is the most common 
groundmass and phenocryst mineral and augitic pyroxene is next.

Olivine is ubiquitous but rarely abundant enough to be a major phase. 

Accessory spinels include magnetite, hercynite and ulvospinel. Apatite 

is found as a trace mineral in most rocks. Kaersutite is present but 

rare except at CC 4923b south of the "pit" crater.
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Seive textures, attributed to rapid crystal growth by both 
Donnelly (1974) and Gutmann (1977), are common in many plagioclase and 
some olivine phenocrysts. In some crystals, the sieve texture occurs 

in bands between optically continuous layers suggesting changes in 

growth rates. Phenocrysts having oscillatory zoning from changes in 
magma composition occur along with large, unzoned phenocrysts in the 

same rock.

The Labradorite has been studied in some detail by Gutmann 
(1974,1977) and by Gutmann and Martin (1976). Groundmass plagioclase 

phenocrysts and megacrysts form a "seriate" population indicating that 

all were crystallized from the magma in which they were entrained; they 

are not xenocrysts. Strontium isotopic data (see Table 3) support this 

conclusion. Textures range from completely transparent, solid crystals 

to skeletal masses containing scoraceous groundmass. Many contain 
"tubular voids", sets of parallel bubbles which look like worm holes. 

Gutmann (1974) attributes the holes to bubbles of water vapor or carbon 
dioxide which "poisoned" the surface of the growing crystals and grew 
apace creating tubes perpendicular to the advancing crystal face.

The irregular seive textures and skeletal crystals suggest 

rapid growth at shallow depths. The tubular voids also were attributed 
by Gutmann (1974) to rapid crystal growth, however, many of the 

megacrysts are homogeneous and exhibit no zoning or oscillatory bands 

to indicate changes in magma composition at the crystal face which 

should be expected during rapid crystal growth. Since growth depends 

on the rate at which constituents of the crystal can be delivered to 

the growing face, this observed compositional uniformity would seem to
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be at odds with rapid growth mechanisms. Unfortunately, no experi

mental work bears on this problem. I have interpreted these gas 

bubbles as evidence for a free gas phase within the magma chamber (see 

Chapter 5).

Cleavage in the megacrysts is commonly poor and irregular with 
occasional megacrysts exhibiting conchoidal fracture. In a few, the 

polysynthetic twinning can be seen as parallel irregularities on curved 
fracture surfaces. Cause of the transparency and poor cleavage is not 

known, although Gutmann and Martin (1974) suggested that both silicon 

and aluminum may be completely site disordered. They provided neither 
experimental nor analytical verification of this hypothesis.

Feldspar and clinopyroxene megacrysts are common in other 

alkali basalts and are often accompanied by peridotite, pyroxenite and 

gabbroid nodules. Laughlin and others (1974) and Lynch (1973) reported 
several occurrences of anorthoclase and plagioclase megacrysts

associated with Iherzolite and pyroxenite nodules of mantle origin.
\
Laughlin and others (1974) cite experimental data which indicate a 30 

to 60 km deep provenience for the anorthoclase megacrysts. Unlike the 

other volcanic fields, the Pinacate feldspar megacrysts are all 

labradorite suggestive of a shallower origin since plagioclase is 

unstable at pressures above 100 Mpa (depths greater than 30 km). 

Accepting Gutmann*s (1974) explanation of the tubular voids, the 

megacrysts must have formed at pressures where some gas phase was 

stable, possibly carbon dioxide, at pressures lower than 100 Mpa.
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Augite megacryats are similar to the plagioclase in their poor 
cleavage, conchoidal fracture and glassy luster. They are sometimes 
mistaken for obsidian by the uninitiated and They add to the "broken 

glass" appearance of the lava surfaces. The augite crystals are rarely 
euhedral or even subhedral. The largest I have ever seen at Pinacate 

has a major axis of 6 cm. Analyzed crystals have 4 to 6 mole percent 

alumina (Appendix 3-data). While no bubbles have been found in the 
Pinacate clinopyroxene megacrysts, similar aluminous clinopyroxenes 
from the San Bernardino Volcanic Field have parallel tubular voids. 

Spinel octahedra are occasionally found in the clinopyroxene megacrysts 
(oikicrysts).

Kaersutite hornblende megacrysts have been collected from CC 

4932B where they occur with abundant plagioclase and spinel megacrysts 

and a single megacryst was found on Crater Elena (TC 5728a). Most of 

these megacrysts have bubble-shaped pits of various sizes although none 

of the crystals collected was large enough to determine if the bubbles 

were aligned in any particular direction. In contrast to the plagio
clase and pyroxene, the kaersutite has perfect cleavage in 2 directions 

and the cleavage faces are broad relative to those found in plutonic 
hornblende.

Spinel crystals are rare in most cones but are common at CC 

4923B. Most are skeletal octahedra smaller than 2 cm where the crystal 

faces are embayed while the points and edges are preserved. The spinel 

species include magnetite, hercynite and ulvospinel.



Gabbroid nodules composed of coarse plagioclase, pyroxene and 
accessory spinel occur in some pyroclastic deposits, particularly the 
tuff breccias at MacDougal and Sykes Maar Craters. These gabbroids are 

not at all like the nodules from Santa Clara, most are friable and 

disintegrate when collected. The constituent minerals are similar in 

appearance and composition to the individual megacrysts and the 

textures of the nodules indicate a cumulate origin. I interpret them 

to be cumulates from limited differentiation of the Pinacate magmas. 

Those found on a particular cone are probably not cumulates of that 

lava but may be xenoliths from an older magma batch, picked up by 

chance and carried to the surface. Unfortunately, the lava 

compositions are so similar from cone to cone that exact provenience of 

the nodules cannot be established.

Geochemistry

Compositions of the Pinacate lavas fall within such a 
restricted range that use of the term "series" is somewhat misleading. 

Silica ranges between 45 and 53 weight percent, about half the range of 

the Santa Clara series. Other oxides plotted relative to silica 

(Figure 14) show crudely the increases or decreases common to alkali 

basaltic differentiation but with much scatter of the data points. 

Donnelly divided the lavas into 8 stratigraphic groups but found "..no 

serial variation in oxide components among flows of successive 

stratigraphic groups." (Donnelly, 1974; p. 278). Similarly, none of 
the dated lavas show time dependent variations of either major or trace 

element content. The significance of this scatter is that these lavas
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The data points show considerableFIGURE 14. BARKER DIAGRAMS OF THE PINACATE SERIES ROCKS, 
scatter, one piece of evidence for separate magma chambers U lo



are not related one to another by simple differentiation and each 

appears to be the result of a separate episode of partial melting and 
subsequent differentiation.

None of the Pinacate Lavas fit the criteria for primitive 
magmas permissibly in equillibrium with mantle material. Such a 
putative parent would have an atomic ratio lOOx Mg / Mg + Fe++ (called 

Mg number or Mg*) between 68 and 73 (Frey and others, 1978). All 

Pinacate Mg* values fall between 37 and 66, most between 45 and 58 with 

only 2 above 60. However, the most obvious indication of partial 

differentiation is the porphyritic nature of all the Pinacate lavas.

Major Element composition fields of the Pinacate Series overlap 
the less differentiated part of the Santa Clara series (Figure 13), 

Santa Clara hawaiites are similar to Pinacate hawaiites. However, the 

trace element contents are quite different. The Pinacate lavas are 

enriched in the incompatible elements Rb, Sr, Y, Zr and Nb as well as 

the compatible element Ni relative to Santa Clara rocks of similar 

major element composition. In addition, concentrations of these 
elements show more variation than in similar Santa Clara rocks which 

supports the separate magma idea. Significance for Santa Clara rocks 
is discussed in chapter 4.

Strontium Isotope Ratios. Ratios of 87/86 Sr determined on 
selected Pinacate lavas indicate a mantle origin for the magmas (Table 

2) and the source is isotopically homogeneous. Eight determinations 

made in the University of Arizona Laboratory of Isotope Geochemistry 

range from 0.7032 to 0.7036. Donnelly (1974, p. 722) reported 16
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TABLE 2. —  STRONTIUM 87/86 ISOTOPE RATIOS - PINACATE SERIES LAVAS

Analyst: D.J. Lynch, University of Arizona
Sp.Nr. Location Age Sr 87/86 +/-
70127 Summit, W of Carnegie 0.407 NS 0.7034 .0001
80318 P42, East Flank 0.88 450 0.7036 .0002
80412 PWA, West Flank old flow 1.10 428 0.7034 .0003
79-116 PED, Elegante Dike Fsp Mega 0.43 NS 0.7035 .0001
79-116 PED, groundmass ii NS 0.7033 .0002
90423 PCO, Cerro Colorado flow ND 462 0.7034 .0003
90419 Megacryst, Tecolote S flow 0.1 1147 0.7032 .0001
90419 Groundmass, Tecolote S flow 0.1 463 0.7035 .0001

Average UA analyses 0.7034 ±.0001
Note: 88/86 Sr normalized to 8.3114. Mean c>f 8 determin-

ations of standard E&A strontium carbonate is 0.70799 
Note: Three letter code refers to App. Ill and some diagrams.

Ratios reported in Donnelly (1974) 
Analyst: W.P. Leeman

Group Flow Sample Rb(10%) Sr(5%) 87/86 +/-
8 521 308 21 511 0.7032 .0004
8 514 608 29 599 0.7023 .0003
8 507 302 35 437 0.7032 .0004
7 470 520 18 548 0.7029 .0003
6 468 171 23 489 0.7032 .0003
5 459 236 30 459 0.7033 .0003
4 403 C.E. 5 12 541 0.7027 .0003
4 403 P.E. 31 17 504 0.7027 .0003
4 403 C.E. 7 33 481 0.7030 .0003
4 403 C.E. 8 19 424 0.7032 .0004
3 361 447 15 462 0.7020 .0003
3 186 152 19 593 0.7030 .0003
2 159 A20 18 503 0.7030 .0004
1 94 627 14 478 0.7032 .0004
1 37 403 16 502 0.7037 .0003

Average of reported analyses 0.7030 .0004
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strontium 87/86 ratios determined by W.P. Leeman on rocks selected 
from all 8 of his stratigraphic groups. The mean and standard 
deviation of this data set, after elimination of one anomalously high 

value, is 0.7030 ± 0.0004 in a range of 0.7027 to 0.7037. My mean for 

the Pinacate lavas, 0.7034 ± 0.0001, is not significantly different 
from ratios of the Santa Clara series which average 0.7036 ± 0.0003 

(see Table 10, Chapter 4).

Geochronology of the Pinacate Volcanism

All of the Pinacate rocks are younger than 1.2 million years 
(Table 3). The oldest flows (PPT,FWA,PWB) were discovered on the 

western piedmont exposed in the bottoms of stream channels, buried 

beneath younger but still deeply eroded flows (Figure 15). These ages 

overlap or are statistically indistinguishable from the ages of the 

youngest Santa Clara Trachytes. The model permits eruption of basalt 

and trachyte at different places during the same time period.
The east flank flow (P42) which mantles eroded Santa Clara 

series yields an age of 0.87 t 0.04 m.y.(see Figure 39 in Chapter 4). 

Its implications regarding erosion of Santa Clara are discussed in 

Chapter 4. Like the older flows, the source cone for this flow cannot 

be found, but was probably on the summit platform.

Samples PHW, PLV, PSM and three from Elegante Crater (Table 5, 

Chapter 3) all have ages between 0.4 and 0.5 m.y. This grouping is 

probably an artifact of sampling because of the way I selected old- 
appearing rock units, some of which turned out to be younger than 
expected. PHW is the west flow from CC 6439, the western hilltop
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TABLE 3. —  K-Ar AGES OF PINACATE SERIES LAVAS.

Mr/code Description K det. K avg. Ar* %air Age
79-101 HR, Basalt 0.774 0.772 1.636 93.0 1.20
PPT Basalt of Papago Tank, west Flank * 0.771 1.159 93.3 *0.25

31 44.55 N 113 41.14 W 0.770
79-104 WR, Basalt 1.843 1.839 3.428 51.0 1.099
PWA West Piedmont, flow expose in stream 1.836 3.488 50.6 ±0.030

channel bottom.
31 48.70 N 113 38.50 M

1.836 3.611 49.8

79-105 WR, Basalt 1.764 1.757 2.85 72.7 0.995
PWB Plug of massive basalt, possible 1.760 2.89 72.5 *0.029

eroded vent plug.
31 49.42 W 113 39.43 W

1.748 3.50 66.3

79-103 WR, Basalt
This flow mantles the trachytes above

1.160 1.158 1.654 76.4 0.867
F42 1.156 1.730 75.6 *0.029

the slope break, East Flank 
31 45.95 N 113 27.29 W

1.893 74.1

77-044 WR, Basalt 1.223 1.227 1.014 80.7 0.475
PEW Western flow from Hilltop Cone CC 6439 1.231 1.005 80.8 *0.029

32 04.08 N 113 40.82 W 1.010 80.7
79-107 WR, Basalt 1.202 1.194 1.30 86.6 0.459
PLV Road cut, 5.8 km west of Los Vidrios 1.193 1.40 85.6 *0.058

DU 349, source is CC 6128 A 1.188 1.26 86.9
32 02.71 N 113 28.38 W 1.49 84.9

77-043 WR, Basalt 0.793 0.538 94.0 0.41
PSM Bootless flow in CC 4629B between 0.440 95.0 *0.04

Carnegie Cone and Pinacate Peak 
31 46.28 N 113 29.49 W

0.550 93.9

79-181 WR, Basalt 1.160 1.161 0.701 95.4 0.34
PWT Tumulus, south side of CC 4639, source 

of the flow disrupted by Moon Crater 
31 45.87 N 113 39.20 W

1.162 0.673 95.6 *0.07

79-100 WR, Basalt 1.093 1.086 0.345 94.9 0.185
PMD Dike on the north rim of MacDougal Hear 1.081 0.322 95.2 *0.052

Intrusion was contemporaneous with 1.089 0.443 93.6
emplacement of the tuff - age of the 1,095 
steam blast eruption, 1,099 
31 58.90 N 113 37.57 W

Constants used: A, *4.963 e-10 yr-1 Ar* ■ Argon x e-12 mole/gram
A,*0.581 e-10 yr-1
A -5.544 e-10 yr-1 40K/K -1.167 e-4 atom/atom 

Reference: Steiger and Jaeger, 1978
Note: Positions referenced to Donnelly's (1974) geologic map.
Note: Three letter code refers to App. Ill and some diagrams.
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volcano (see figure 25). The agglutinate core of this cone is well 
preserved after nearly half a million years of erosion. PSM is from a 

remnant cone of similar morphology between Pinacate Peak and Carnegie 

Cone. CC 6128A, source of PLV, is less eroded than the other cones of 
similar age and appears to be made of more tightly indurated 
agglutinate.

Moon crater is blasted into a flow which originated at CC 

4639. Solid basalt from a tumulus south of this crater yields an age 

of 0.341 ± 0.069 Ma (PWT). Surface features of this flow are eroded to 

"round rocks", illustrating the fragility of aa or pahoehoe even in 

this arid climate. This is a limiting upper age for the Moon Crater 
hydrovolcanic eruption. One of the dike/protruberances of the Mac- 

Dougal rim lava yielded an age of 0.18 ± 0.05 Ma (PMD), establishing 

the date of this tuff eruption (see figure 31, Ch. 3).

The youngest K-Ar age, 0.15 ± 0.02 m.y., was determined on the 

north rim flow at Elegante Crater (PET). (This and other ages from 

Elegante are discussed in Chapter 3.) Ages of the most recent eruptions 

cannot be determined by K-Ar and are therefore equivocal. Certainly 

Tecolote and Riena's cone are the youngest in the field as interpreted 

from the lack of cone erosion or lava surface weathering. Lumholtz 
(1912) documents a Papago legend which might be attributable to a 

volcanic eruption in Pinacate at some indeterminate time during human 

occupation (Ives, 1935). Even the youngest, freshest lava flows have 

well developed desert vegetation including saguaro cactus several 

meters high. This makes eruption within the past half-century unlikely 

because of the slow growth rates of the Saguaro cactus. Banner head
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lines in the Yuma newspaper of New Year's day, 1933, reported an 
eruption in Pinacate as deduced from smoke seen at a great distance. 
No close investigation was ever made because of the difficulty of 

travel in the desert at that time* The report was fanciful.

Pinacate Volcanic Features

Lava Flows
Pinacate flow surface textures range from fresh, spiny aa to 

old flow tops eroded to round cobbles. The youngest bear a light brown 

desert varnish but show neither weathering nor infilling with sand.

Many of the older flows are buried beneath other flows or alluvium. Aa 

and pahoehoe surface textures are fragile even in this arid climate and 

these surface types are restricted to only the youngest lavas.

Most young flow surfaces are spiny, clinkery aa; pahoehoe is 

rare. Where found, smooth pillow like masses or ropy "entrail" 

pahoehoe is most common, but gas-charged, shelly pahoehoe (Swanson, 

1973) has been found at Tecolote cone (CC 5221). Accretionary ball 
lava occurs on some stretches of the Carnegie flows where the surface 

has broken into discrete fragments which have rolled and accreted to 

become 20 to 40 cm diameter balls.

Generation of aa or pahoehoe in a lava flow depends on certain 

conditions of viscosity and shear within the moving lava stream. 

Peterson and Tilling (1981) have defined a transition threshold within 

the field of variance of these two parameters which separates pahoehoe 
from aa flow. Low viscosity and/or low shear rates promote formation 

of pahoehoe surfaces and smooth, round vesicles. Increases in
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viscosity due to cooling, vesiculation or crystallization or increases 

in shear strain rate caused by faster flow down steep slopes change 

pahoehoe flow to aa flow. Generally, once this threshold has been 

crossed, the type of flow will not revert when shear strain rates 
decrease as lava slows on less steep slopes. The upper part of DU 514 

(Donnellv's unit number) at Carnegie Cone is pahoehoe where the hill 
slope is moderate, only a few degrees, on the summit platform. Beyond 
the slope break, the lava surface is entirely aa, except for limited 

patches on the lower piedmont where the slope is again gentle and lava 

has extruded from pools within the flow interior.

Cinder and Agglutinate Cones
Pinacate pyroclastic cones were constructed at the vents by 

strombolian activity which created a wide variety of pyroclastic 
material from fine cinder and ash to welded agglutinate and large 
bombs, depending on the variability of gas activity during the course 

of each eruption. The typical strombolian eruption described by 

Williams and McBirney (1979) and by Wood (1980) begins with effusion 
of cinder.

Strombolian eruptions studied at Stromboli and Heimaey by 
Blackburn and others (1976) were repeated discrete explosions of 
incandescent pyroclasts and gas with the burst direction vertical and 

the fragments more or less "collumated", initially flying in the same 
direction. The fragments underwent rapid gravitational and drag 

deceleration and fell on the slopes of the cone which surrounded the 

vent. Smaller particles became entrained in the convection driven
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cloud and were carried away by the wind. The observed cones were 

essentially built of the larger ballistic projectiles. Strong winds 

were able to deflect the smallest of these to occasionally create an 

asymmetrical distribution. Dynamic calculations indicate that the gas 
volumes involved in each blast were greater than could be dissolved in 
the ejected material. The explosions are the result of bubbles rising 

through the magma to burst at the surface of the conduit and tear the 

magma apart.

Pyroclastic material in most cinder cones, including those of 

Pinacate, ranges from millimeter- sized cinder to meter- sized bombs. 
The nature of the pyroclastic material produced is determined by the 

types and sizes of bubbles in the disaggregating upper part of the 

magma column. Sparks (1978), applying numerical methods to model 
bubble growth, found that bubbles grow both by diffusion of gas into 

the bubble and by decompression of the bubble as it rises in the 

magma. The final radius is controlled by the diffusion constant while 

temperature, surface tension, depth and mechanism of nucleation have 
little effect. Bubble growth requires generation of internal pressure 

which is in excess of hydrostatic pressure, but the magnitude of this 

excess is not, of itself, sufficient to create explosions.
Bubbles cease to grow when they become so numerous that they 

interfere with one another. Interaction of the bubbles increases the 

effective viscosity of the magma while continued volatile diffusion 

increases the internal pressure. This mechanism provides the excess 
pressure necessary to drive explosions. Magma disaggregated in this 

manner will form ash and cinders because the kinematic viscosity is so



large that the magma can only deform by brittle fracture at the strain 

rates imposed by vesiculation in the conduit mouth.
Such active vesiculation creates a "cinder jet" in the con

duit mouth which projects the fragments into the air in a high plume 

allowing the wind to blow the cinder several kilometers from the vent. 
Lava disaggregated into such small fragments and thrown some distance 

from the vent cannot retain enough heat to weld on impact so cinder 
deposits are usually compacted but not indurated.

Bubbles grown by diffusion achieve a few cm maximum diameter, 

at most. Larger bubbles grow by coalescence of the smaller ones but 

this process cannot be numerically modeled. Bubbles of 10 meters 

diameter were observed at Heimaey (Blackburn and others, 1976), 

obviously grown by coalescence. Sparks (1978) asserted that the 

bursting of large bubbles disrupts the magma into cinder and ash, but I 

disagree. Ash and cinder is created under conditions discussed above 

where individual small bubbles interfere and larger bubbles cannot 
form. Large bubbles can only grow under conditions of low kinematic 

viscosity where smaller bubbles can collide and join, probably when the 

volatile content of the magma is lower than that needed for cinder 
production. It is the bursting of these large bubbles which creates 
and propels the lava blobs that become agglutinate or bombs.

Photographs taken at Nyirongongo (Tazieff, 1979; pp. 136,201) 

illustrate this process of bomb creation.

Lava bombs and rootless flows are two ends of a continuum of 

products resulting from showers of large lava fragments ejected by the 

bursting of large bubbles. Some of the fragments will remain fluid

60
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because of their short flight path and the heat of the surrounding , 
cloud of similar glowing molten blobs. These liquid drops coalesce on 
impact, usually on the inner cone wall, to form "rootless" flows which 

move back down toward the vent mouth or outward on the cone slope. 
Agglutinate layers are created in a similar manner except that the 
fragments are more viscous on impact and are able to retain their 

shapes somewhat, welding together but leaving large, irregular voids 

between. The rootless flows and solid agglutinate layers erode to form 

the vertical walls so often seen in the older cone remnants. A common 

form is the "Pohaku o Hanalei" (Wentworth and Macdonald, 1953), the 

ruff of rocks left when the loose outer layers are eroded away from a 

cinder cone (Figure 16).

All forms of pyroclastic material from cinder and ash to 

rootless flows can be found in the walls of Pinacate volcanoes. The 
most common form is the large, irregular, scoria block which has an 

internal vesicular consistency much like cinder. The accompanying 

denser bombs are commonly spherical but some are spindle shaped from 

being drawn out of flying ropes of lava. Some bomb surfaces were 

breadcrusted as gas continued to exsolve from the molten interior, 

expanding and fracturing the solid outer layer. Stratification of the 

pyroclastic material observed in the walls of the cones is the best 

evidence for variability of eruptive intensities within individual 

Strombolian eruptions. All of the Pinacate cinder cone eruptions 

appear to have been of the same general style and intensity. A few 

eruptions produced cinder of commercial quality which is now being 

exploited near highway 2.



FIGURE 16. PHILLIPS BUTTES. —  This "Pohaku o Hanalei" (ruff of rock) is made of the resistant 
welded agglutinate layer deposited on the inner slopes of the cone and left after the unwelded 
outer layers have been eroded away. Similar layering can be seen in the foreground and in the 
eroded cone in the distant background. O'N>



Gutmann (1979) has suggested that Strombolian activity in the 

Pinacate volcanic field is atypical, beginning with effusion of a lava 
flow rather than with the pyroclastic activity observed in other 

strombolian eruptions. Cone building is a second phase after an 

"incubation period" which he believes to be necessary for development 

of a "strombolian system". Decrease in gas content causes the 

pyroclastic activity to wane in the third phase and liquid lava then 

rises in the cone until pressure causes a wall to fail and the cone is 
breached. A final phase of pyroclastic activity terminates the 

eruption as "resurgent boiling" is caused by crystallization of the 

magma which concentrates water in the remaining liquid phase until it 
is supersaturated.

I have found no compelling evidence to support this proposed 

general model at any Pinacate volcano except perhaps Gutmann's Cone in 

the wall of Elegante Crater. Lava lakes or identifyible remnants 

thereof are rare in cinder cones and a final pyroclastic phase is 

demonstrably absent where cinder- free lava flows abut the bases of 
cinder cones. The most common final pyroclast is the solid basalt bomb 

indicative of the bursting of progressively larger bubbles as gas is 

depleted from the magma. Lava is often seen issuing from the bases of 
modern, growing cinder cones showing that the vent mouth is an 

excellent separator of gas from the magma.

63



64

FIGURE 17. CARNEGIE CONE ON THE SUMMIT PLATFORM. —  The cinder-covered 
first lava flow with its well developed lava levees can be seen on the 
right, a debris flow from the collapsed north wall of the cone rests 
atop it. At the base of the cone on the left is a line of spatter 
cones which lies along the fissure source of the large lava flow on the 
right (DU 514). This cinder-free flow was apparently erupted after the 
main cinder phase of the eruption had waned. Behind and to the right 
of Carnegie is Pinacate Peak with its prominent trachyte lower wall.
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Histories of Two Typical Pinacate Volcanoes

Carnegie Cone. Carnegie Cone (CC 4629B)(Figure 17) was built 
atop a N70E fissure which opened on the north edge of the summit 
platform east of Pinacate Peak. The cone is asymmetrical with a high 

south summit, the second highest point in the field. The eruption 
produced 5 separate lava flows down the northeast and east flanks of 
Santa Clara. The two on the north are cinder covered and either 

proceeded or, more likely, effused during the cinder phase of the 

eruption. The other 3 have no similar cinder mantle and were probably 

erupted after cinder production had ceased. Carnegie cinder covers the 

north flank of Santa Clara and mantles the nearby cones to depths of 

several meters. A feather of cinder projects downwind 5 km on an 

azimuth of 030 from the crater. Unlike Tecolote, the upper layers of 

pyroclastic material are not coarse bombs.

The north wall of Carnegie partially collapsed as a cinder- 
debris flow down the north flank of Santa Clara. This collapse may 

have been due either to oversteepening of the cone wall built on a 

sloping surface or it may have been triggered by movement within the 

lava stream beneath. This collapse reduced the altitude of the north 

rim but subsequent cinder production partially rebuilt it.

Lava issued from three places along the fissure after term
ination of the main cinder producing phase. The western flow (DU 516) 

issued from beneath the cone wall and flowed down stream channels in 
the north flank. The center flow (DU 513) extruded from a 100 meter 

long line of spatter cones extending eastward from the east base of
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FIGURE 18. SPATTER CONES. —  These steep walled cones were constructed 
by blobs of fluid basalt ejected "gently" from the Carnegie fissure by 
bursting of low energy bubbles. This type of construction indicates a 
relatively small amount of volatiles in the magma.

pahoehoe, flowing down the side of a spatter vent, constructed lava 
levees a few centimeters thick by ejecting small blobs of spatter as 
small bubbles burst on the top of the stream. Eventually, the blobs 
coalesced in a vaulted roof over the stream making this tube which is 
about 75 cm across and 1 m high.
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Carnegie and the eastern flow (DU 514) originated in another short line 
of spatter cones in a canyon 1.5 km east of the close spatter vents 
(Figure 18). This eastern flow was confined within canyons for 10 of 
its 13 km length reducing heat loss and allowing relatively long 

distance flow until it reached the desert floor and spread out. Its 
distal end is illustrated in Figure 37 (Chapter 4).

The center flow forms the broad lava fall on the east flank 

of Santa Clara near Red Cone Camp. Its upper reaches constitute a 
veritable "Pahoehoe jungle" where the slope angle is low. Numerous 

boccas open into lava tubes which can be traversed for distances up 
to 75 meters. Gas blew fluid lava out of the boccas creating spatter 

structures around them (Figure 19).

Tecolote Cone. Tecolote Cone, erupted onto the desert floor 

north of Elegante crater, consists of a complex cinder cone with 7 lava 

flows (Figure 20). Within and under the cone is a series of vents, 

most of them aligned along a N25W axis. The cone wall was breached on 

the northwest side and sections of the wall were carried away by the 

north lava flow. Relative ages of the various flows within the 

eruption sequence can be estimated by the stratigraphic position and 
the amount of cinder covering the surfaces.

The south lava flow appears to have been effused first as it 

underlies the others and is almost completely mantled with cinder 

except for its western edge (Figure 21). This indicates a westerly or 

northwesterly wind direction during most of the eruption. The north 

flow was extruded simultaneously with major cinder production and it
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FIGURE 20. TECOLOTE CONE. —  A chain of craters, probably atop a short 
fissure, extends to the right to where the northwest wall was carried 
away. Fragments of this wall litter the top of the north flow in the 
foreground. Flow S (upper left) was apparently the initial flow from 
this eruption and the three small flows on the left (Anosma flow is the 
topmost) were the last flows erupted. The fault scarps (Fig. 24) can 
be seen on the closest cone crest as a series of lines.



69

MAYO CONE

FLOW"N"

TECOLO

FLOW "S'

FIGURE 21. MAP OF TECOLOTE CONE AND ITS LAVA FLOWS. —  Flows N and S
may have effused simultaneously as the cinder cone was constructed. N 
carried away the the west wall and subsequent cinder deposits on that 
side. Short flows A, B, C and D were the last erupted.



FIGURE 22. TECOLOTE NORTH LAVA FLOW FROM THE WEST. —  The contact between flow N and the slightly 
older lava which issued from the base of Mayo Cone (far left) can be seen in the middle ground 
right of Mayo. Cinder atop flow N was blown northward from Tecolote, probably during the later 
stages of the eruption.
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carried away the cinder walls. Four smaller flows, A-D, were extruded 

during the last phase of the eruption. All of the flow surfaces are aa
r

except for the proximal end of B.

The western lava fow from Mayo (CC5322) appears by surface 

morphology to be contemporaneous or not much older than the Tecolote 
North flow (Figure 22). A clear contact can be seen in the air 

photographs where flow N has overridden it. This contact appears 

as a slight difference in rock surface color and amount of surficial 
fragmental material on the ground. Mayo cone appears to be much older 

than Tecolote because its cinder surfaces are sand-plugged and rilled. 

This relationship suggests that lava flow surfaces are less fragile 

than are the outer layers of their cinder cones.

Pyroclastic ejecta at Tecolote consists of cinder, scoria 

blocks, some agglutinate and discrete bombs. The larger fragments were 

ejected during the waning stages of the eruption so that the outer 

surface of this cone is mantled with bombs, mostly spherical but a few 

of spindle shape. Some exhibit the breadcrust surface, relatively rare 
in basalt (Wood, personal communication, 1980), which results from 

expansion of a plastic interior by continued vesiculation as the solid 

outer skin cracks. Several of the spindle bombs are quite large, one 

found on the eastern slope has a major axis of 2.5 m and minor axes of 

0.7 m with an estimated mass of 2.8 metric tons. Many of the spherical 

bombs have axes approaching half a meter.

The Tecolote eruption appears to have migrated northwestward 
along a fissure, causing the northwest wall to fail. Sections of this 

cone wall are scattered along the entire length of the north flow, some
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having been carried 4 km from the cone. These sections are composed of 

bedded agglutinate and scoria including many bombs. Some sections have 

sides armored with thin layers of basalt apparently formed when the 

fluid lava welled up into the newly formed cracks as the wall sections 

broke apart. Transport mechanisms for these large wall sections 'are 
somewhat problematic as the sections are too large to have floated in 

the thin lava flow. They were apparently slid along a shearing lower 

surface of lava and provided little resistance to movement of the 

flow. Some of these wall sections were completely disaggregated during 

transport and are now found as cinder piles on the flow surface.

A nearly symmetrical cone was constructed during the early 
phases of the eruption but there is no evidence for impoundment of a 

lava lake such as invoked by Gutmann (1979) prior to its breaching. 

Instead, the breaching appears to have resulted from migration of vent 
activity northwestward along the fissure. Opening of a vent under the 

northwest wall caused the wall to fail. The north flow issued from the 

new vent and moved outward and thence northward and eastward around the 

base of the cone. Cinder wall was continuously constructed to atop 

this flow but these secondary walls were also rafted away, conveyor- 

belt fashion, as they were constructed.
Four short lava flows issued from vents around or within the 

cinder cone after cessation of pyroclastic activity. All of these 

flows somehow eroded the cinder from beneath but none have air fall 

cinder on their surfaces. Flows A and D are similar aa flows although 

D appears to have been more viscous. Flow B issued from a bocca about 

10 meters above the base of the cone and its upper end consists of
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"shelly pahoehoe" (Swanson, 1973) similar to that which I saw at Mauna 
Ulu in 1973. This suggests a considerable gas content in that par

ticular magma as the flow surface is extremely frothy. This kind of 
gas-charged magma may have produced cinder in an open conduit but was 
"forced" to be shelly pahoehoe when it issued from a bocca at the end 

of a lava tube instead. A deep canyon extends inward from this bocca 

toward the center of the cone, perhaps excavated from beneath.

Flow C, the Anosma Flow, is most unusual. This short flow was 
made of extremely viscous magma and was probably the last flow of the 

dying eruption. "Anosma" are tongues of viscous lava squeezed out of 

cracks in a solid surface. Colton (1967) first described this lava 
form on the Bonito flow at Sunset Crater where the thin plates have 

grooved and scaly surfaces from a combination of viscous and brittle 

behavior on extrusion. The Anosma Flow at Tecolote (Figure 23) 
consists of a series of essentially parallel anosma stacked like trays 

going into a dishwasher; each was extruded and then carried away down 

the flow. The lava stream occupies a short canyon in the cone wall and 

the cinder it excavated now covers its distal end.

Several outward-facing fault scarps occur on the northeastern 

inner cone wall (Figure 24). Most have collapsed to resembled dredge 

piles but one retains a meter high vertical face. I interpret these 

scarps to be the result of upward rise of a magma plug too viscous to 

flow and therefore able to raise the inner section of the cone like a 

ram. This rise may have accompanied or followed extrusion of the 
anosma flow but why this should happen is not clear.
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FIGURE 23. PROXIMAL END OF THE ANOSMA FLOW. —  Anosma, plates of 
viscous lava named by Colton (1967), were extruded from this bocca and 
carried to the left, down the small canyon. The size of the plates can 
be judged from the people on the right. Cinder excavated from the 
canyon can be seen atop the distal end of this flow in Fig. 20.



FIGURE 24. FAULT SCARPS AT TECOLOTE. —  The meter high wall in the 
foreground is the best preserved of the concentric scarps on the 
northern rim of Tecolote. The others, like those in the background, 
have partially collapsed to resemble dredge piles.
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Other Noteworthy Features

Hilltop Volcanoes* Three prominent volcanoes are found on the 
periphery of the volcanic field perched atop ridges of metamorphic 
rock. Cinder cones 6333 and 6439 (Figure 25) are near highway 2 on the 
north in the Sierra de Tuseral while the third, CC 3527, is at the 

north end of the Sierra Blanca on.the south. Similar, but not as 
spectacular, hilltop volcanoes are found in the San Bernardino Volcanic 

Field of Arizona (Lynch, 1973). These volcanoes particularly well 
illustrate the fact that upper crustal structures exercise no control 

whatsoever on rising basalt magma.

The "Pit" Crater. A unique circular depression of 150 m diameter 

(Figure 26) cuts a short ridge which extends northward from CC 4923B. 

Although similar in appearance to a small maar, the crater rim has no 

explosion debris or tuff deposits. This crater is in the crest of a 

ridge that extends northward from CC 4923b, adjacent to the cinder 

cone, between it and a trench which resembles a collapsed lava tube 

farther out on the ridge. Sand has filled the pit so that it is no 

longer a closed depression but water can escape over the low rim to the 
west.

This is the only such crater in Pinacate and the only pit-like 

crater described on any Basin and Range volcano. Wentworth and 

MacDonald (1953, p. 21) described similar features in Hawaii on the 

flanks of large shield volcanoes which they attributed to collapse 

resulting from withdrawl downward of the underlying magma. Most 

Hawaiian pit craters occur in chains on rift zones. Some open into



FIGURE 25. ERODED CONE REMNANT ON A RIDGECREST (CC 6439). —  These hilltop cones show that upper 
crustal structures have no control on the volcanism. This ridge of Precambrian gneiss has no fault 
although a basin margin fault can be inferred to the east. The western flow from this cone yielded 
an age of 0.48 + 0.03 ra.y. (Table 3, PHW).



F I G U R E  26. THE "PIT" CRATER. —  This unique crater lies on the north side of CC 4932b on the 
northwest flank of Santa Clara. The trench to its left is a collapsed lava tube in the ridge which 
extends northward from the cone. This circular depression is attributed to outflow of lava from 
beneath this ridge. It is younger than and not part of Santa Clara. oo



lava tubes on the bottom and some were sites of post-collapse 

eruptions. The Pinacate pit crater was never an eruption site and it 
is much younger than, and not on a rift zone of, Santa Clara.

It appears that the ridge containing the "Pit" is some sort of 
large tumulus associated with CC 4932B. Although the surface features 
of lava flows from this eruption are deeply weathered, patterns found 

north of the end of the collapsed tube suggest that lava from this 

tumulus drained to the north allowing the top to collapse and form both 
the pit and the trench. Peter Lipman (personal communication, Feb.

1981) noted that the mechanical properties of basalt are such that any 
collapse depression tends to become circular. Offset of the pit from 

the cinder cone suggests that collapse was not caused by withdrawl of 

magma back down the pipe as envisioned by Ollier's Tap model (see 

section on maar craters).
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CHAPTER 3

THE GREAT MAAR CRATERS

The most unusual and spectacular of the Pinacate volcanic 
features are the deep maar craters which occur mainly in the northern 

part of the field (Figure 27). Elegante and MacDougal Craters are 
among the largest in the world. A maar, by the definitions of Lorentz 
(1973) and Ollier (1975), is a crater excavated by explosive volcanic 

activity into the pre-eruption land surface and is usually surrounded 

by a rim of material blasted from the crater. This rim or tuff ring 

(tephra ring) generally exhibits certain sedimentary features char

acteristic of high energy depositions! environments. Occasionally, 

tuff rings, or higher tuff cones, are constructed by similar eruptions 

without excavation of a maar. The eruption which simultaneously 

excavates the maar and builds the tuff ring consists of a series of 

explosions which propel a mixture of steam, chilled basalt and older 
rock fragments out of the eruption site in pulses. These are 

"pyroclastic surges" (Wohletz and Sheridan, 1980, p. 177), "time 

transient, unsteady flow of tephra as it spreads radially outward".

It is generally agreed that the prodigious kinetic energy expended by 

these explosions comes from the interaction of basalt magma with water 

at shallow depths where the resulting superheated steam generation 

converts thermal to kinetic energy. The name "phreato-magmatic",
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FIGURE 27. THREE MAAR CRATERS OF THE NORTHWEST. —  SykeTTrater^T the 
foreground with Phillips Buttes (Fig. 16) immediately behind.
HacDougal Crater is in the far background with Molina to its lower 
left. Pyramid Cone (Fig. 7) is in the far distance.
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"hydro-volcanic" or "hydro- magmatic" is given to such eruptions.

Maar craters are calderas by the broad definition of Williams 
(1941), who uses the term for any volcanic depression regardless of its 

origin. The deepest Pinacate maars look like the collapse calderas of 

Kilauea in Hawaii, hence some confusion arises as to their creation.
The Hawaiian depressions resulted from collapse of surface layers into 

voids created by sideward or downward withdrawal of magma from shallow 

depths beneath the pits within the volcanic edifice. While collapse 
was certainly a major factor in the creation of the Pinacate (and 

other) maar "calderas", the void beneath was excavated by the explosive 

eruption and not by magma withdrawal from immediately beneath the 
crater. Withdrawal- collapse calderas generally lack tuff rings or 

other explosion debris.
Maar craters and tuff rings are not uncommon in arid lands 

volcanic fields (see Figure 3, Chapter 1). Pinacate has 11 maar 

craters or tuff cones and one other possible remnant steam blast 

feature (Table 4). In all occurrences, Pinacate and elsewhere, the 

steam blast features are associated both spatially and temporally with 

normal basalt cinder and agglutinate cones. The steam blasts origin

ated from chance magma interaction with ground water through which the 

other magmas passed unaffected. The magma involved in the steam blasts 

was not fundamentally different from the magma of the ordinary vol

canoes (Lorentz, 1973; Boivin and Gourgaud, 1978). Some physical 

condition of the magma which becomes manifest near the surface is 

responsible for the mode of the eruption being ordinary or explo- 

sive. This physical condition can change during the course of an
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TABLE 4. —  HYDROVOLCANIC FEATURES
Name Location* Dia. Depth Tuff deposits
Badilla 5834 350 10 Coarse tuff bx

Caravajalles TR 5541 - - Reported by-May(1973)

Celaya 5926b 550 80 Coarse tuff bx

Cerro Colorado 5518 750 4 Laminar tuff

Diaz 6628 800 - Coarse tuff bx

Elegante 5023a 1200 250 laminar tuff

Elena TR 5728a - - Coarse tuff bx

Kino 5930b 800 20 Coarse tuff bx

MacDougal 5837 1100 130 Laminar tuff

Molina 5736a 150 30 None found

Moon 4541 450 - Coarse tuff, rare

Sykes 5634 700 220 Laminar tuff

Note: locations in minutes 
lat. 31* , long. 113"

north and 
(see App.

west
I).

of reference 
TR = tuff ring.

Distances in meters.



ordinary eruption causing a change to steam blast or can terminate 
steam blast activity and allow an eruption to end with effusion of 

fluid basalt.
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Descriptions and Scenarios

Elegante Crater

Elegante Crater, with a volume of 2.3 x 10® cubic meters, is 

the largest maar crater in North America (Figure 28). It differs from 
the other Finacate maars because, in addition to the tuff ring, inward 

dipping tuff deposits are found around the bottom of the crater. The 

maar eruption neatly sliced through an older cinder cone exposing its 
interior. Jahns (1959) attributed the Elegante "collapse depression" 

to elimination of magmatic support from beneath. He believed that the 
initial vent was drilled explosively when magma interacted with ground 

water stored in the sediments within the "abandoned channel" of the 

mythical Finacate River (page 18). Subsequently, volatiles in magma 

stored within a shallow chamber beneath the crater "flashed off" 
causing rapid evacuation of the chamber and resultant collapse.

Gutmann (1976) published a detailed study of Elegante Maar and 

the sectioned older volcano in its wall. (I have named this "Gutmann1s 
Cone"). He interpreted "squeeze up" structures found on the topmost 

flow of the north rim to have originated from deformation of fluid lava 

by the increasing weight of tuff being deposited on the top of the 

flow. This deformation is evidence that the Elegante eruption began 

with normal effusion of basalt and somehow changed its character to 

steam blast. Gutmann attributes the initial explosion of the eruption



F I G U R E  2 8 ,  E L E G A N T E  MAAR CRATER. —  Elegante has a diameter of 1600 m and a depth of 250 m. 
Gutmann1 s cone is the sectioned volcano in its far wall. The lower bedded tuff can be seen 
as the ring in the bottom. 00Ui
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to ground water which gained access to the conduit at a high level; how 
access was gained was not explaned. However, he rejects the model of 
steam blast eruption by "passive" upwelling of magma into a shallow 

zone of phreatomagmatic explosions, what he calls a "cinder cone gone 

wrong." (his emphasis, p. 1778).
Gutmann's (1976) model envisioned "copious amounts" of magma 

available at a shallow depth (the bedrock- alluvium contact). Magma 

crystallization concentrated volatiles in the liquid phase of the magma 
and the initial explosion triggered "ultravesiculation", explosive 
degassing of the magma, which propagated downward into the shallow 

magma chamber. Thus, the eruption was mainly magmatic, its energy 

coming from processes within the magma itself. He does, however, 

acknowledge the contribution of the explosive interaction of this 

vesiculating magma with water in the sediments beneath the volcanic 

pile.

Gutmann's calculations of maar volume relative to the amount of 

material in the surrounding tuff ring determined that nearly 2/3 of the 
crater volume is not accounted for by the tuff deposits. He suggests 

that this material was the fine grained sediment from the basin beneath 

the maar which was carried out of the eruption cloud by the wind and 

deposited at some great distance from the eruption site. His most 

bizarre conclusion was a model of collapse by subsidence of a coherent 

ring of basalt, much like the center deck elevator of an aircraft 
carrier, which transported the bulk of a "Cerro Colorado- like" tuff 
cone down to become the tuff deposits now found in the bottom.
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Certain sedimentary structures encountered in the bottom tuffs 
(Figure 29) are incompatible with this "elevator" subsidence. These 

lower tuff deposits have topset and foreset beds similar to rapidly 

constructed deltas but the upper tuff ring, the only possible source 

for the tuff if these beds constitute an "annular delta", is not much 
eroded. Also, the attitudes of these beds are not what one would 

expect to find in a descended tuff cone; most dip inward whereas 

foundered tuff cone beds should dip in the opposite direction. Soft, 

white, marly "lake" beds are exposed south of the center of the cone 

near a low ridge of tuff Gutmann calls the "Whaleback", where they dip 

inward toward the center of the crater. Pipes, trenches and subsidence 
pits are common in the center suggesting a slow but continuous 

subsidence of the crater floor.
I suggest that the Elegante eruption may have terminated with 

low energy tuff producing activity (as contrasted to the high energy 

excavation phase of the eruption) inside the crater. If it did under 

go "elevator" collapse, the inner slope of the tuff ring should be 
vertical in places as is the wall of Gutmann's Cone and the eroded 

walls at MacDougal. However, the inner slopes of the tuff ring are of 
a nearly uniform 30° inward slope all around the crater, much like 

those of Sykes Crater. It appears that the diameter of Elegante 

changed little after the main explosive phase of the eruption. The 

lower beds are best explained by a low energy "boiling lake" which did 

not reach high enough to erode the inner tuff walls. The horizontal 

"topset" beds were deposited as activity waned. Attitudes of the lake 

beds, which are much younger than the crater, suggests slow subsidence
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beds dip inward up to 25°, while the upper beds are horizontal. The 
horizontal "topset" beds can be seen on the left, stepping down into 
the-crater, suggesting that the last tuff deposition was in relatively 
quiet water.
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of the crater bottom possibly due to progressive repacking of sediments 
in the eruption site.

Units exposed within Elegante crater have K-Ar or radiocarbon 

ages covering a span of 500,000 years (Table 5). Only one of the flows 

exposed in the walls of the crater, the north rim flow, is associated 
with the hydrovolcanic eruption which created the maar. The 0.15 ±

0.02 Ma age of this flow (PET) "dates" the Elegante eruption between 

130,000 and 170,000 years ago. Gutmann's cone is substantially older, 
the dike yields an age of 0.433 ± 0.060 Ma (FED) while the hooked 

intrusion in the center of the cone yields and age of 0.46 ± 0.05 Ma 

(PES). These numbers are within the range of analytical uncertainty 
but the younger age is probably more correct. The age determined on 

the lowest flow (PEL- 0.46 ± 0.12 Ma) is identical to that of the 

intrusion. Certainly several tens of thousands of years separated 
eruption of the two units so this age is probably too young. Since the 

sample site is close to the feeder pipe for the hooked intrusion, 

possibly the "clock" was disturbed by the heat from the pipe. However, 

the large analytical uncertainty reported with that age provides for 

sufficient time between the two eruptions to allow emplacement of the 

other flows between the dated units. In any case, the flows beneath 

Gutmann's cone are older and not related to it nor is Gutmann's Cone 

related to the Elegante eruption.

Radiocarbon dates reported on carbonate from the "lake" beds in 

the bottom of the crater are 17,200 ± 220 and 12,970 ± 560 radiocarbon 

years (Damon and others, 1963). Both are significantly younger than 

the minimum possible age of the eruption as determined by K-Ar. These



TABLE 5. —  K-AR AGES OF ROCKS ASSOCIATED WITH ELEGANTE CRATER
Nr/code Description K det. K avg. Ar* %air Age

76-121
PEL

WR, Basalt
Lowest flow exposed in the crater, 
beneath Gutmann s-cone.
31 50.70 N 113 22.80 W

0.692
0.693

0.693 0.57
0.55

95.8
95.9

0.46 
±0.12

76-120
PES

WR, Basalt
Feeder pipe for the "Hooked Intrusion" 
in Gutmann s Cone, cuts PEL.

0.462
0.462

0.462 0.35
0.38

89.9
89.3

0.46
+0.05

79-116
FED

WR, Basalt (Groundmass)
The flow banded dike of Gutmann s cone 
probably contemporaneous with PES 
and is a more probable age for this 
volcano.

0.933
0.933
0.926

0.931 0.784
0.707
0.614

93.5
94.1
94.8

0.433
t0.060

76-101
PET

WR, Basalt
North rim flow, contemporaneous with 
the Elegante eruption.
31 51.12 N 113 23.50 W

1.019
1.019

1.019 0.246
0.282

89.8
88.6

0.149
±0.019

> Constants used: X* =4.963 e-10 yr-1
Xe “0.581 e—10 yr—1
X =5.544 e-10 yr-1 40K/K “1.167 e--4 atom/atom

References Steiger and Jaeger, 1978
Note: Positions referenced to Donnelly s (1974) geologic map. voo



91
soft, marly "lake beds" were apparently created by standing water in 

the bottom of the crater during the pluvial period in the southwest, 

the time of Wisconsin glaciation to the north (Long, 1966). This lake 

was totally unrelated to the Elegante eruption.

MacDougal and Molina Craters

MacDougal maar, the largest diameter crater in the field, and 
Molina maar, the smallest, are adjacent and possibly related. The 

MacDougal tuff ring is unlike the others because of the bench which 

surrounds the maar (Figure 30). The inner slopes of other tuff rings 
are 30* slopes that connect the ridgecrests to the rims of the maars. 

This tuff ring has a cliff-like inner wall where the tuff has been 

eroded back away from the crater rim. Several "dikes" which protrude 
from the surface of the uppermost flow on the north intruded into and 

deformed the tuff prior to its removal (Figure 31). These are squeeze 

up structures intruded into the tuff in response to its increasing 

weight pressing upon a molten flow beneath, similar to those Gutmann 

(1976) found at Elegante. They show that effusion of this upper flow 

immediately preceeded eruption of the tuff. MacDougal, like Sykes and 

Elegante, apparently changed its eruptive character from normal to 

hydro-volcanic.

Erosion of the inner tuff in such a uniform manner is probably 
a primary feature. Some low energy erosional system, perhaps a 

"boiling lake" was active in the maar after the main tuff producing 

phase had ended. Waves lapped over the rim and removed the partly 

indurated inner tuff to leave "sea cliffs" facing inward. A similar
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FIGURE 32. SYKES MAAR CRATER. —  Eruption of this youngest raaar in the 
field was preceeded by effusion of extensive lava flows which can be 
seen in the foreground and background on both sides of the ridge. Two 
triangular remnants of the old cinder cone can be seen in the upper 
wall. This maar most clearly illustrates the ability of an ongoing 
strombolian eruption to become hydro-volcanic while in progress. W.B. 
Bull photograph.



FIGURE 31. DIKES ON THE NORTH RIM OF MACDOUGAL MAAR. —  These dikes were intruded into, and have 
deformed, the overlying tuff beds. Since they do not cut the flow beneath but appear to be part of 
it, they are interpreted to be "squeeze up" structures similar to those described by Gutmann (1977) 
at Elegante and are contemporaneous with the eruption. The age is 0.19 + 0.05 Ma (Table 3, PHD).



bench is found in the south wall of Paramore Crater Maar in the San 
Bernardino Volcanic Field of Arizona (Lynch, 1973).

A possible scenario for the MacDougal eruption postulates an 

ordinary basalt eruption that changed its character to hydro-volcanic 
after effusion of a lava flow. A tuff ring was built around the 
eruption site by repeated explosions and their resulting pyroclastic 

surge clouds. As this eruption waned in intensity, it no longer 

propelled material high into the air to fall back and build the ring 
but, in the manner of a "boiling lake", eroded the inner tuff leaving 

the bench and the inward facing cliffs. Wood (1974) found a signif
icant magnetic anomaly in the center of MacDougal which he attributed 

to a basalt plug buried at a depth of 160 meters. Intrusion (extru

sion ?) of this plug may have been responsible for the boiling, but not 

exploding, lake.

Molina Maar, an atypical 3-lobed crater, is adjacent to a 

re-entrant canyon which disrupts the otherwise circular outline of 

MacDougal Maar. Molina lacks a tuff ring but the surface around it is 
littered with angular basalt talus, as is the MacDougal tuff ring near 

the canyon. C.A. Wood (personal communication, 1980) reported finding 

tuff-like material in the boulders at Molina but this material may be 
from the Macdougal tuff ring.

Location of the canyon in the otherwise continuous bench and 

presence of blocks of indurated tuff in its talus show that it 

postdates the Macdougal eruption by some indeterminate time. The 

similarities of shape, size and talus cover between the Molina lobes 

and this canyon "half-maar" suggests that they are related and

94
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probably contemporaneous. Maar craters without tuff rings are rare.
Even though lack of a tuff ring is a characteristic of collapse 
depressions, presence of the explosion talus with some clasts having 

major axes in excess of 3 m, precludes a simple magma withdrawal 

collapse origin for this maar group. Each lobe may have been the 

product of a single explosion or, less likely, the group may have been 

created by gas discharge in the same manner as a diatreme.

Sykes Crater

Sykes Maar Crater (Figure 32) was blasted into a ridge east of 
Macdougal. The tuff ring rests atop the proximal ends of extensive 

lava flows which issued from the site of the maar and flowed down 

opposite sides of the ridge. Remnants of a cinder cone presumably 

associated with these lava flows can be seen in the maar walls. The 

flow basalts are quite young and appear very similar to those of
Tecolote and Riena's cone. This association and the limited erosion of

y
the soft tuff deposits, shows Sykes to be the youngest maar in the 

field. •

I have interpreted the maar / tuff ring and the cinder cone / 

lava flows to be products of two different phases of the same ongoing 

eruption. Cone pairs from two separate eruptions in quick succession 
have never been found. Tuff deposited atop still fluid lava at 
Elegante and MacDougal maar craters demonstrates the ability of 

eruptions to change character. Krentz Ranch Tuff Ring in the San 

Bernardino Volcanic Field is similar to Sykes but much less spectacular 
(Lynch, 1978).
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FIGURE 30. MACDOUGAL AND MOLINA MAAR CRATERS. —  The uniform shelf 
which surrounds the large maar crater is attributed to low energy 
activity in the maar after the main eruption. The re-entrant canyon 
adjacent to the multi-lobed Molina maar was created after this activ
ity. Since both the re-entrant and Molina lack bedded tuff, they 
may have been created by single explosions which occurred after the 
end of the tuff eruption. W.B. Bull Photo.
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Cerro Colorado Crater

Cerro Colorado is a tuff cone, higher than the average tuff 
ring, although it surrounds a shallow (4 m deep) maar in the soft 

desert floor alluvium. The interior is asymmetrical with one major and 
possibly two minor lobes aligned in a rough N20W direction. The tuff 
is deeply gullied and surrounded by a broad apron which may be either a 

part of the tuff ring or an annular alluvial fan of material eroded 

from the cone (Figure 33). Save for the small olivine basalt flow on 
the west, the walls are unsupported by basalt cliffs such as found in 

the other maar craters. The tuff is sufficiently indurated to stand in 

25 m high cliffs. Lack of a large talus pile at the base of these 
cliffs suggests that the walls collapsed into the eruption site during 

or soon after the eruption. Gutmann and Sheridan (1978) allude to 

several stages of major block collapse during the eruption.
The tuff occurs in differing upper and lower units. The upper 

unit is draped over the lower part of the tuff cone, concordant with 

the lower beds on the outer slopes and in angular unconformity with 

truncated lower beds on the inner cone walls (Figure 34)• Initial dips 

of these upper beds are as steep as 35 degrees on the inner slopes.

The upper beds are more tightly indurated than the lower and appear to 

be plastered upon them. The lower beds display the typical pyroclastic 

surge structures described and analyzed by Waters and Fisher (1970) and 

Crowe and Fisher (1973). Dunes, truncated cross beds and ballistic 

impact structures abound (see figure 35). The lowest of these beds 

rests conformably on the playa surface about 4 meters above the bottom
of the crater



FIGURE 33. CERRO COLORADO TUFF CONE. —  This is a tuff ring, much higher than the others, 
surrounding a shallow (4-m-deep) maar. Its old relative age is suggested by the extensive 
gullying of its tuff, which is much more eroded than either MacDougal or Elegante.
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FIGURE 34. UPPER AND LOWER TUFF LAYERS AT CERRO COLORADO. —  The in
ward dipping upper tuff layer appears to have been plastered wet onto 
the truncated, nearly horizontal, lower tuff. Water-drop lapilli are 
common in the beds to the left.

FIGURE 35. PYROCLASTIC SURGE BEDS AT CERRO COLORADO. —  Typical 
high-energy dune bedforms were created by flow from the right.
The layer behind the notebook is non-indurated, coarse fragmental 
material. At the top is an impact sag from a ballistic projectile.
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Quenched bombs and water drop lapilli are found in the 
uppermost tuff. Quenched bombs are scoria fragments, some spindle 
shaped, which have vitreous skins 3-5 mm thick. Similar "quenched 

vitreous spatter bombs" were described by Boivin and Gourgaud (1978) at 

Massif Central in France where they found simultaneous strombolian and 
hydro-volcanic activity occurring in the same chain of vents. I 

interpret the water drop lapilli and the quenched bombs to indicate 

simultaneous existence of liquid water and liquid lava in the same 
environment during the later stages of the Cerro Colorado eruption.

The steep dips of the upper tuffs suggest that they were plastered 
wet onto the inner crater wall. Gutmann and Sheridan (1978) report 
that this tuff is rich in vesicular, slightly palagonitized juvenile 

lapilli, another indication of less than complete interaction of basalt 

magma with the water.

Crater Elena Tuff Cone

Crater Elena, only recently discovered, is a tuff cone similar 

to Cerro Colorado (Lynch, 1981 b). The tuff is covered by a layer of 

spatter basalt which hides all but the northeastern wall of the tuff 

cone. The hydro-volcanic eruption which created the tuff was followed 

by strombolian activity that mantled the tuff with a layer of atyp- 

ically red agglutinate and bombs and then built an agglutinate cone 

inside the tuff cone. The west walls of both the tuff and agglutinate 

cones appear to have been carried away to the northwest and have not 
yet been found.
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Liquid basalt survived in the water rich environment of the 

tuff eruption and is found both as quenched bombs and bombs having 
"scaly" skins included in the tuff. The atypical red color of the 

covering agglutinate layer may have been caused by water oxidizing the 

outer layers of the pyroclasts in the upper part of the conduit.

Moon Crater
Moon Crater, on the far southwest edge of the field adjacent to 

the Gran Desierto (Figure 36), contains a small agglutinate cone within 

the maar. The maar was excavated in DU-60 which issued from CC 4639 
approximately 0.34 ± 0.07 Ma (Table 3, Nr. 8). As at Sykes and Elena 

Craters, I interpret the steam blasting and cone construction to be 2 

phases of the same eruption. Here, hydro-volcanism ceased allowing 
effusion of basalt spatter. Since Moon carter lies only 12 km from the 

shore of the Gulf across the desert sand, this eruption should have had 

the most reliable source of water because of its location. The change

over occurred either because the water could not flow fast enough 

through the sand to keep the hydro-volcanic system supplied or the 

conditions of heat transfer out of the magma changed, a more likely 
occurrence.

The cone is agglutinate, not cinder. Cinder is created by 

active vesiculation, much more active than the bursting of large 

bubbles that makes agglutinate blobs. I believe the hydrovolcanism 

ceased in this eruption because the magma gas content decreased over 
the course of the eruption lowering the heat transfer below some 

threshold value necessary for hydrovolcanism. Moon is very similar to



FIGURE 36. MOON CRATER MAAR. —  Moon crater lies on the southwestern side of the field adjacent
to the sands of the Gran Desierto, only 8 km from the shore of the Gulf of California. The ag
glutinate cone in its center demonstrates the change from hydro-volcanic to strombolian during 
the eruption. CC 4639 in the right background, source of the lava flow into which Moon Crater 
was blasted, has an age of 0.34 + 0.07 Ma (Table 3, PWT) . o

ro
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Elena but the cone in the center is much smaller and did not overwhelm 
the maar.

The Other Hydro-volcanic Features

Celaya Maar (MG 5926) is crudely triangular having coarse, 
clast filled tuff in a discontinuous ring which is absent on the east 

side. Similarly, Kino Maar (MC 5931) has an offset tuff ring highest 
on the southwest. Both tuff rings appear to have been strongly 

affected by wind during their construction. Badillo (MC 5834) has a 
symmetrical tuff ring of coarse tuff that is low and narrow. This maar 
is undistinguished. Diaz (TR 6628), the only hydrovolcanic feature of 

this field in Arizona, is almost completely buried in blow sand. Wood 
(personal communication) made a hand-held magnetometer survey across 

this feature but found neither central plug nor edge effects from 

buried basalt walls.

A Hydromagmatic Model

Several models have been proposed to explain maar craters, the 
most spectacular of monogenetic volcanic features, but none is satis
factory. The plea for a "special magma" is unreasonable because of the

t

observed eruption transitions or simultaneities and uniform lava 

compositions. An appeal to climate- induced fluctionations in the 

ground water reservoir content cannot be so easily dismissed. Pluvial 

periods in the desert southwest which correspond to the major periods 

of glaciation would have increased infiltration but the water table is 

controlled by ground water divides and, ultimately, base level at the
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shore of the Gulf. As most Pinacate maar craters are less than 300 m 
above sea level, sufficient water should have always been available in 

the eruption sites regardless of climate. The mythical "Pinacate 

River" invoked by Jahns (1959) never existed.

Meteoric water is absorbed by most magmas prior to eruption and 

becomes part of the volatile component which escapes during the erup

tion (reviewed by Williams and McBimey, 1979). The interaction of 
external water (as contrasted with juvenile water that is part of the 
magma from the mantle) with the magma fills a spectrum of activity from 

simple absorbtion and subsequent loss, through explosive interaction 

where steam explosions are the result of magma to water heat transfer, 

to passive heat removal arid hot spring activity. The maar-forming 

steam blasts are only one part of this spectrum.

Hydro-volcanism, that part of the spectrum where the magma- 

water interaction contributes significantly to the kinetics of the 

eruption, was reviewed by Sheridan and Wholetz (1981). They suggested 

that the initial magma- water contact determines the nature of the 

hydro- volcanic phenomena and that the water/magma ratio controls the 

efficiency of energy transfer. Experimentation has defined a threshold 

ratio of around 0.5 above which superheat of water occurs and hydro- 

volcanism results. This ratio also determines whether the eruption 

cloud is wet or dry. Implications of this model to the type of tuff 

deposited are discussed below.

Unfortunately, the Sheridan-Wohletz model fails to address the 
critical question of how hydro-volcanism is initiated, the chance 

phenomenon that explains the presence of both normal and maar volcanoes
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in the same place over the same external pressure on the fragile 
chilled conduit wall to collapse it giving water reservoir, and the 

observed change from one eruption style to the other during the course 

of a single eruption. I once considered a model to explain the San 

Bernardino maar volcanoes (Lynch, 1973) that involved temporary magma 
withdrawal allowing ground water access to the hot interior, initiating 

the first steam explosion. I found later that this model, termed the 

"Tap-model", had been proposed in 1969 by Singleton and Joyce (refer

ence not available, see Ollier, 1975, p. 103). This model pleads for a 

special condition of temporary magma withdrawal which is unreasonable 

for monogenetic volcanoes with deep magma chambers. Magma flow rever

sals are common, however, in large volcanoes having shallow magma 

chambers such as Nyirongongo and Kilauea.
Simple water-magma contact is insufficient to cause explosive 

volcanism. Moore and others (1973) observed and photographed a 

pahoehoe stream which flowed into the sea off Hawaii in a completely 

passive manner. Even the entry of waves into lava tubes and the 
resulting blow out of steam and glowing lava blobs failed to initiate 

catastrophic explosions. Aa flows (with a greater surface area) 

crossing the same coastline during earlier eruptions created littoral 
tuff cones by interacting violently with the sea water.

Colegate and Sigurgeirsson (1973) suggested that hydro-magmatic 

eruptions, once established, continue by a self-sustaining process 

whereby the magma exchanges almost all of its heat with the water in an 

"autocatalytic reaction" which continues to produce steam explosions 

until either water or magma is excluded from the site. Gutmann (1976)
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expressed his belief that "ultravesiculation", explosive degassing of a 
magma that becomes supersaturated with volatiles as it cools and 
crystallizes, triggered and somehow sustained the hydro-volcanic 

activity at Elegante.
Gutmann’s statement that the elegante eruption was "not a 

cinder cone gone wrong." expressed his belief in a fundamental unique

ness of tuff eruptions. Clearly Sykes Maar is a cinder cone gone to 
tuff (is that wrong?) and also, both MacDougal and Elegante began their 

eruptions with effusion of normal basalt. Boivin and Gourgaud (1978) 

reported that hydro-volcanic and strombolian activity occurred 
simultaneously in a chain of active vents presumably all fed from a 
dike which tapped a single magma chamber in the mantle as discussed in 

chapter 2. Both the trigger and sustaining mechanisms must, therefore, 

be available not only in any eruption but in any one or more conduits 

in a simultaneously active group.

Pinacate tuff deposits contain tuff- pyroclasts that indicate a 

continuum of water- magma interactions from violently explosive through 
semi- explosive to passive. Chief among these are lapilli and spindle 

bombs found at Cerro Colorado and Elena that have glassy "quenched" 

rims up to 5 mm thick. Some are covered with a layer of tuff as they 

were reacting with the water and frozen in the act. The Moon Crater 

cinder cone and the Elena spatter layer and agglutinate cone represent 

the passive eruption of normal basalt through water saturated sediments 
after termination of hydro-volcanic activity. Semi- explosive 

eruptions can occur when water and liquid lava coexist in the eruption 

site, the auto-catalysis proposed by Colegate and Sigurgeirsson (1973)



is not all pervasive if it occurs at all. Tuff covered quenched 
spindle bombs appear to have been created by the bursting of large, 
"strombolean" bubbles in the eruption site and then picked up in a 

minor steam blast and incorporated in a pyroclastic surge. The glassy, 

tuff- jacketed cinders were generated the same way. Yellow, skeletal 
cinders reported by Gutmann (11086) at both Elegante and Cerro Colorado 

tuff rings are another manifestation of this partial magma water 
interaction.

The various tuff beds have differing degrees of induration 

(Figure 35) ranging from tight "sandstone" to loose "gravel" beds.

This variation reflects both the amount of juvenile material involved 

in the explosion and the amount of water which survived the blast to 

wet the tuff. Sheridan and Wholetz (1981) reported that water/magma 

ratios of 3-4 (uncorrected) divide the field of dry, superheated steam 
blasts from the field of wet (gooey) blasts. Wetting of the tuff 

produces a concrete- like material in the tuff deposits. For example, 

the tightly indurated upper beds at Cerro Colorado were wet and acted 

like plaster, adhering to the inner tuff walls.

The Finacate maar craters were excavated by repeated explo

sions, explosive kinetic energy was provided by superheated steam 
generated when the rising basalt magma exchanged its heat with ground 

water contained in the alluvium beneath the volcanoes. Disaggregated 

older basalt flows, basin sediments, steam, sometimes water and altered 

juvenile basalt were projected out of the eruption site and spread 

radially outward in pyroclastic surges as the material fell back to 

earth. Variation of both bedforms and the character of erupted

107
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material indicates the eruption consisted of a series of discrete 
explosions rather than a continuous high energy explosive eruption. I 
observed similar repeated explosions with a recurrence interval of 4 to 

5 minutes at Surtlingur south of Iceland in 1965.
The largest maar craters occur where basalt flows rest on deep 

alluvium, the eruption site having been in the alluvium beneath the 

basalt. The obvious difference between the volumes of the maar craters 
and their surrounding tuff rings can be attributed to the finest 
grained fraction of this alluvium being carried away by the wind. The 

maar owes its size and shape to piecemeal collapse of the walls into 

the hole mostly during the eruption. The tuff in the bottom of 
Elegante and the re-entrant in the MacDougal wall suggest that post- 

eruption, crater- expanding collapse is minimal. Maar eruption 

durations are probably no longer than normal eruptions, a few months at 

most.

Although tuff rings can be generated by all types of magma from 

basalt to rhyolite (for example, Panuum Dome in the Mono Craters), they 

are most common in alkalic volcanic fields. One volcanic field in New 

Zealand contains both alkalic and sub-alkalic volcanoes and almost half 

of the alkalic volcanoes are tuff rings. Rafferty and Hemming (1979) 

suggested that the alkalic magmas in this field were inherently more 

explosive than the sub-alkalic magmas owing to the relatively larger 

amounts of volatiles in them. Allen concluded, on the basis of his 
observations in Iceland supported by experimental work, that "the 

abrupt transition from effusive to explosive volcanism is triggered by 

a combination of extreme magma vesiculation and chilling of the magma
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to glass", at water depths less than 200 m (Allen, 1980; p. 116). He 
believed that the explosive activity, once started, would continue, but 
I have concluded that the explosive activity is a function of the 

intensity of vesiculation and will decrease with a decrease in gas 

exsolution activity. As lower gas contents change the type of normal 

pyroclastic material in a cinder cone from cinder to agglutinate and 

bombs, lower gas contents in a steam blast system allow progressively 
more juvenile material to survive contact with the water until fluid 
lava is able to flow through the system.

Since the basalt magma involved in the steam blast eruptions is 

not fundamentally different from that of the common volcanoes and some 

common volcanoes can change their eruptive mode, the trigger which 

starts the steam blast activity must be available in any eruption. A 

satisfactory mechanism is suggested by the theoretical consideration of 

magma heating by viscous dissipation energy (VDE) (Hardee and Larson, 

1977). Fuji and Uyeda (1974) postulated that the kinetic energy of 
magma flow could be converted to heat by the "internal friction" of 

turbulence which is a function of pressure gradient, conduit 

half-width, viscosity and temperature. This process can "run away" by 

self-enhancing feedback if the conversion should exceed some critical 
threshold, and heat generation could increase rapidly for only small 

changes in any of the controlling parameters. The two sets of 

investigators disagree on the threshold values but all agree on the 
mechanism.



This effect could occur in one or a few of several simul
taneously active conduits without disturbing the others, such as 

reported by Boivin and Gourgaud (1978). Such heating, as it reduces 
the viscosity of the magma, would promote something akin to Gutmann's 

"ultravesiculation" much more readily than would simple crystallization 
(Gutmann, 1976,1979). Since VDE heating is a transient phenomenon, it 

probably occurs relatively rarely. Even if VDE heating should occur in 

a conduit, it need not trigger steam blasting nor persist after 
hydromagmatic activity has begun.

This VDE trigger may possibly involve ground water outside of 

the conduit as suggested by Damon (personal comm., 1981) . Under 
normal circumstances, the rising magma does not interact with the water 

but establishes a chilled conduit wall around the flowing magma, 

separating it from the cold water-filled sediments around it.
Convective cells must start up in the water to carry away heat 

conducted through the wall. If magma flow duration is short and 
heating minor, slow convective flow will prevent collection of 

sufficient heat to boil the water. However, if VDE does occur, 

convection may be unable to remove the excess heat and the water may 

boil. If the boiling site is above the depth of vesicle nucleation, 

external pressure rise is not as effectively opposed as would be the 

case with the relatively incompressible bubble-free magma at a greater 

depth. A steam explosion external to the conduit would fracture the 

conduit much more effectively than would the "tap" model's magma 

withdrawal. This trigger, coupled with the heat induced enhanced 

vesiculation, disrupts the strombolean system and hydromagmatic
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activity will continue until vesiculation is reduced below the 

threshold necessary to transfer heat.



CHAPTER 4

VOLCAN SANTA CLARA
Volcan Santa Clara, Tjuk-to-ak (Black Mountain) to the 

indigenous Papago people, is the feature that distinguishes this 

volcanic field from kindred alkali- basalt multi-vent monogenetic 
volcanic fields in the region. The name which Fr. Kino coined is more 

fitting for the mountain because the black color is due to the Pinacate 

basalts which mantle its slopes. Volcan Santa Clara differs from the 

common Pinacate volcanoes in its composition, large size and "Hawaiian" 

shield shape. Its rocks are lighter tones of grey as compared to the 
dark younger lavas. The most distinctive difference is that Santa 

Clara is a composite volcanic mountain which contains a complete 

alkaline rock series from basalt to trachyte.

The uniqueness of Santa Clara is not necessarily obvious. Many 

geologists have, climbed to its summit unaware of the nature of the 

rocks over which they walked. Donnelly (1974) considered it to be just 

another, albeit large, Pinacate volcano and he lumped the Santa Clara 

rock series into a single map unit. I paid little attention to the 

lower rock units on my first summit climb but was immediately attracted 
to the unusual hollow phenocrysts of the summit's "Trachyte Wall".

Volcan Santa Clara fits the definition of a Trachyte Shield 

Volcano proposed by Webb and Weaver (1976). The criteria for this 

volcano type are trachytic flow compositions, stratiform flanks that
112
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dip outward from a central vent area, no satellite (parasite) 

volcanoes, and no caldera. Lavas of the Santa Clara Series occur 
in generally thin flows which dip 10-15° radially outward from the 
summit. The summit platform is an irregular highland but it is not a 

filled caldera as reported by Donnelly (1974). Units constituting this 

platform appear to be thick, stubby flows or possibly domes but the 

contacts are buried. The Santa Clara Series contains all members of 

the alkaline differentiation trend from basalt to trachyte in crude 

stratigraphic order. The Pinacate volcanoes which dot the flanks of 
Santa Clara are not parasite to it because they are much younger than 

Santa Clara and did not originate from fissures tapping the Santa Clara 

central conduit.

Santa Clara is surrounded by broad piedmonts either constructed 

of, or mantled by, Pinacate lava that lead upward from the desert floor 

to a slope break at about 500 m altitude (Figure 37). Above this slope 

break, the old volcanic edifice has an oval shape with a minor axis of 

8.5 km and a major axis of 15 km that is oriented N20W. Projection of 
this steeper cone downward to an estimated base elevation of 150 m 

yields a cone volume of about 75 knA Since the oldest and most 

primitive of the Santa Clara lavas collected were from canyons above 
this 500 m slope break, older and possibly more primitive lavas must 

lie beneath. Whether or not these older lavas extend out under the 
piedmont is not known.

Trachyte is softer and much less resistant to erosion than is 

basalt. Considerable erosion occurred both during and after con

struction of the mountain but volume loss due to this erosion is
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FIGURE 37. VOLCAN SANTA CLARA, THE TRACHYTE SHIELD VOLCANO. —  The broad eastern piedmont can be 
seen extending from the desert in the foreground to the slope break which is most prominent below 
and to the right of the summit. The broad lava flow in the foreground is the-distal end of DU 516 
which issued from the eastern Carnegie fissure (Fig. 18) and flowed in canyons, protected from heat 
loss, 15 km to the base of the mountain.
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impossible to estimate. A prominent angular unconformity forms the 
base of Bighorn Ram Ridge (Figure 38) where a horizontal benmoreite 

flow caps the eroded edges of older, northward dipping flows.

Scattered outcrops of young trachyte are found on the upper parts of 
the piedmont, the rock having apparently flowed to this low elevation 

in canyons now obscured. The erosional competence of basalt relative 

to trachyte is illustrated by DU42, a basalt flow of 0.86 Ma age on the 

east flank (Figure 39). Trachytes only 0.2 Ha older that lie beneath 
this unit are substantially eroded while the basalt is relatively 

unscathed. DU42 is one of the Pinacate flows which mantle Santa Clara 

and obscure most of the structure and stratigraphy of the underlying 

mountain. Because of this extensive cover, investigating the stratig

raphy of Santa Clara is much like trying to read a book with its pages 

glued together through holes gouged in the sides.
The lavas of Volcan Santa Clara constitute a series ranging in 

type from alkali olivine basalt to trachyte. Chemical compositions 

show a smooth covariance of most major and trace elements. The 

mountain was constructed by successive eruptions from a central summit 

conduit which implies sequential eruptions from the same magma body as 

it differentiated. In comparison to the Santa Clara series lavas, the 

Pinacate lavas have a much wider areal distribution but a limited range 

of compositions. The monogenet-io Pinacate volcanoes did not issue from 
a common magma chamber, they are related only by commonality of source 
and differentiation process.
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FIGURE 38. BIGHORN RAM RIDGE UNCONFORMITY. —  Mugearite and trachyte 
flows dipping northward (left) away from the summit were beveled by 
erosion prior to eruption of the horizontal benmoreite flow (center 
left). Above this, a thin vitrophyre layer is separated from the 
horozontal flow by a layer of agglomerate which thickens toward the 
summit.



F I G U R E  39. S O U T H E A S T  FLANK OF SANTA CLARA. —  The light colored trachyte (background) has been 
covered by darker Pinacate lavas. DU 42, which lies between the younger (darkest) flow and the 
trachyte, has an age of 0.867 + 0.029 Ma (Table 3, P42). The trachyte beneath has a minimum age of 
1.08 + 0.03 Ma (table 6, STA). The Pinacate lava retains some flow features while the trachyte 
beneath has been considerably eroded.
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The Nature and Implications of the Alkaline Rock Series
One of the earliest petrologic observations was the general 

association of certain rock types in the same geologic setting which 
implied a common genesis (Carmichael and others, 1974). The unusual 
alkalic rock associations of oceanic islands was attributed by R.A.

Daly (1933) to fractional crystallization of basalt parent. Bowen, who 

wished to derive almost all rocks by fractional crystallization, 

suggested that trachyte was derived from differentiation of quite small 

bodies of basalt, rhyolite comming from merger bodies of magma (Bowen, 

1937, p. 240).
The general consensus of most modern investigators is that 

both continental and oceanic alkaline rock series have, indeed, been 

generated by fractional crystallization of a basalt parent (B.H. Baker 

and others, 1977; I. Baker, 1969; Batiza, 1977 a,b; LeMaitre, 1962, 

Upton and Wadsworth, 1972; Zielinski, 1975, Zielinski and-Frey,

1970). The cited reasons in almost all cases are the spatial and 

temporal associations of the lavas, compositional and mineralogical 

gradation between rock types within each series, isotopic homogeniety 

with most rocks having "mantle" 87/86 Sr ratios and, most importantly, 
smooth covariance of elements within the series usually with the added 

proviso that the variation can be "modeled" by some computer 

fractionation program.

A noteworthy holdout is Felix Chayes who cites the "Daly Gap", 

a lack of rock types intermediate between basalt and trachyte in many 

oceanic rock series, to argue against fractional crystallization
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(Chayes, 1977). He explains the abundant trachyte as a product of 

partial melting of an already somewhat differentated basalt. This Daly 

Gap usually shows up on Barker diagrams or Differentiation Index plots 

but often disappears when some other indicator of differentation like 

Zr concentration is used (Baker and others, 1977; Clague, 1978).

The usual fractionation pattern involves early removal of 

olivine, pyroxene, calcic plagioclase and Fe-Ti oxides. As differen

tiation progresses, olivine disappears, the plagioclase becomes more 

Na- rich and alkali feldspar appears. Cumulate nodules of the early 

formed minerals have been described from many places, most notably 

Gough Island (LeMaitre, 1962) and Guadalupe Island (Batiza, 1977 a, b).

Many investigators report (usually without explanation) the. 

presence of stratigraphic "reversals" where primitive members of a
t

series are found stratigraphically above more differentiated rocks.

I. Baker (1969) noted the presence of putative "parental" basalt all 

through the sequence on-St. Helena Island. The rocks of Guadalupe 

Island (Batiza, 1977 a) consist of a lower basalt- hawaiite- mugearite 

series and an upper hawaiite- mugearite series, both cut by benmoreite 

and trachyte dikes and plugs. This implies sporadic introduction of 

basic magmas into the differentiating magma bodies without affecting 

the apparent differentiation trends as reflected in the covariance of 

elements. Zielinski and Frey (1970) modeled trace element variations 
to verify LeMaitre*s fractional crystallization scheme for Gough Island

using rocks from two of the five "rhythmic" alkali basalt to trachyte 

rock series (Lemaitre, 1962) and the models fit perfectly as if it were
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a single differentiating magma body. Apparently, if the magma source 

is homogeneous, the fractionation process limits compositional 

possibilities and the rocks appear related by direct fractionation.

The Santa Clara Volcanic Series 

Distribution of the Lavas

Rocks of the Santa Clara Series form a compositional and color 

sequence going up the mountain from the oldest, darkest, least 

differentiated alkali olivine basalt found in a canyon near the slope 

break (Figure 40) to the youngest, lightest, most differentiated 

trachytes which make up the summit platform. I have chosen to use the 
names Irvine and Baragar (1971) applied to the sodic alkaline rock 
series because the lower members are sodic even though some trachytes 

fall into the potassic series. For convenience, type names were 

assigned based on silica and total alkali content using the diagram of 

Upton and Wadsworth (1972)(Figure 41). Other rock type names can be 

applied from the use of other classification schemes but this exercise 

has no real petrologic significance.

The stratigraphic sequence of rock types from basalt at the 

base to trachyte at the summit is broken by at least 2 compositional 
reversals (Figure 42). Hawaiite flows are found resting atop mugearite 

just above the slope break and a nearly horizontal benmoreite flow caps 

the angular unconformity above 2 trachyte flows on Big Horn Ram Ridge 

(Figure 38). The angular unconformity there attests to some 

substantial time interval between eruption of the trachyte and 

subsequent eruption of the benmoreite. The stratigraphic reversals
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FIGURE 40. LAVA CANYON IN THE SANTA CLARA SERIES. —  The oldest iden
tified members of the series were collected from this canyon at the 
base of the lava fall (center). The color difference between Santa
Clara rocks and the overlying Pinacate lavas is obvious here. The 
foreground lava flow is DU 516 seen in Fig. 36.
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E F ,J

TRACHYTE
BENMOREITE

HAWAIITE

BASALT

FIGURE 41. ROCK NAMES FOR THE SANTA CLARA SERIES. —  Names are in 
accordance with the usage of Irvine and Baragar (1971) modified by the 
criteria of Upton and Wadsworth (1972). (See Figure 13).

TA -I.I

MB-1.6
HA-1.7

TO -1.1

FIGURE 42. STRATIGRAPHIC DIAGRAM OF THE EAST FLANK. —  Approximate 
relative positions of the flows are shown.



are not matched by any disruption in pattern of either major or trace 

element variation, nor is there significant difference in the‘isotopic 
ratio of strontium.

Geochronology

Ages of members of the Santa Clara series are in proper strat

igraphic sequence (Table 6 ). The youngest of the Santa Clara ages 
which overlap the oldest Pinacate ages (Table 3) probably accurately 
define termination of Santa Clara volcanism around 1.1 Ma. However, 

since the oldest dated rock was collected in a canyon at an elevation 

of 500 m, above the projected base of the mountain, its age of 1.7 Ma 

marks a time well after the beginning of activity.

A crude estimate for the inception of Santa Clara volcanism can

be approximated from a simplistic assumption of constant magma produc-
3tion. Volume of the mountain above the oldest sample is about 17 km 

and total estimated volume is 75 km^. Assuming that the top of the 

mountain was entirely constructed in 0 . 6 million years, the magma 
production rate is 28 kmJ per million years. If the volume of the base 

of the mountain is 58 km^, more than 2 million years would be necessary 

to build it, making the first eruptions about 4 million years ago. 

Coincidentally, this is close to the ages of the oldest dated basalts

in both the San Bernardino and Sentinel Plain volcanic fields (Lynch, 
1978, Shafiqullah and others, 1980).
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TABLE 6 . —  K-Ar AGES OF THE SANTA CLARA SERIES LAVAS

Nr/code Description K det. K avg. Ar* %air Age
79-113 WR, Basalt 1.030 1.025 2.71 67.4 1.70
SHA Lowest exposed flow in Lava Canyon 1.022 3.34 60.6 +0.04

East flank, Oldest member of the 
Santa Clara Series 
31 46.08N 113 27.71W

1.023

79-115 WR, Mugearite 0.715 0.718 1.54 80.8 1.54
SHA East Flank, lowest flow in the small 0.715 1.56 80.3 t0.06

canyon north of Lava Canyon 0.716 1.68 80.0
31 46.40 N 113 27.45 W 0.714 1.152 80.9

79-112 WR, Mugearite 1.519 1.519 3.81 41.1 1.45
SMB Second highest flow, Lava Canyon 1.517 3.81 80.3 tO.03

31 46.08 N 113 27.70 W 1.521 3.85 80.0
79-106 WR, Benmoreite 2.680 2.675 6.19 27.8 1.35
SBC Northwest Amphitheatre 2.676 6.30 27.8 tO. 04

31 47.47 N 113 30.71 W 2.669 6.35 25.4
79-114 WR, Trachyte 4.164 4.149 8.19 43.0 1.26
STF Highest flow, Lava Canyon 4.154 9.12 42.8 tO. 03

31 46.50 N 113 27.65 W 4.128 9.25 42.6

79-109 WR, Mugearite 2.241 2.234 4.575 67.8 1.19
SMD Lowest of the northward dipping flows 2.234 4.598 67.5 ±0.05

beneath Bighorn Ram Ridge 
31 46.87 N 113 29.62 W

79-110 WR, Benmoreite 2.413 2.402 4.73 35.1 1.15
SBB Horizontal flow beneath Bighorn Ram 2.403 4.59 35.9 ±0.03

Ridge, caps angular unconformity 
31 47.10 N 113 29.70

2.390 4.84 34.3

79-111 WR, Trachyte 4.041 4.025 7.97 55.3 1.14
STD Silver-grey trachyte exposed on the 4.029 7.93 56.3 *0.03

upper part of the east piedmont 
31 46.20 N 113 27.11 W

4.006 8.02 55.8

79-102 WR, Trachyte 3.338 6.24 68.0 1.08
STA Massive, porphyritic trachyte exposed 6.69 66.9 *0.08

on the ridge above the 716 spatter vent. 6.42 67.7
31 46.19 N 113 28.47 W 6.50 67.5
Constants used: *4.963 e-10 yr-1 Ar* - Argon x e-12 mole/gram

At ■0.581 e-10 yr-1 .
/ ■5.544 e-10 yr-1 40K/K -1.167 e-4 atoe/atoe

Reference: Steiger and Jaeger, 1978
Note: Positions referenced to Donnelly s (1974) geologic map. 
Note: Three letter code refers to App. Ill and some diagrams.
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Character of the Rock

The lower basalts, hawaiites, mugearites and some of the 

benmoreites are basalt-like in character. Flow units are only a few 

meters thick and rubble zones between them are nondescript with no 

preserved flow-top features Generally the flows are dense and 

non-vesicular. Fresh rock surfaces are dark to medium grey with some 
rocks having a greenish cast. The basalts and hawaiites take on a dark 

brown desert varnish. The appearance of these flows in the canyon 

walls is much like the appearance of the younger Pinacate flows exposed 
in Elegante Crater.

The trachytes and the other benmoreites are quite different. 

Flow units are much thicker, tens of meters in the few places where 

contacts are exposed. On the summit platform, these rock units have 
the massive appearance of domes. The rocks are soft and low density, 

they crush when struck. Colors are generally light tones of grey and 

the rock takes on a light brown desert varnish. The most differen

tiated rocks have a silvery patina like well cared-for pewter. A few 

of the highest units are agglomeratic or autobrecciated. The crest of 

Bighorn Ram Ridge is a vitrophyre layer resting atop a massive ag
glomerate . which thickens toward the summit (see Figure 38). Pumice 
has been found only in float blocks. One unit on the northwest 

amphitheatre has the appearance of a poorly welded tuff.

A reasonable inference would be of early eruptions of low 

viscosity lavas that constructed a low aspect shield-shaped cone which 

may well include the piedmonts now mantled in Pinacate lavas. As 

differentiation progressed and silica content increased, the lavas



became more viscous and the eruptions more explosive. This would 
account for the steeper section of the volcano with its summit 

agglomerates.

Petrography

All of the Santa Clara lavas are porphyritic, most of them 

coarsely porphyritc. Phenocrysts occur in a seriate population ranging 
from groundmass to megacryst size. This distribution precluded 

efficient separation of phenocrysts from groundmass for analytical 

purposes. I decided to use the bulk sample on the assumption that each 

rock is a time-compositional slice of the evolving magma at the time of 

its eruption. This coarsely porphyritic nature precludes use of the 
Santa Clara series to investigate the fine details of the alkaline 

differentiation process because the phenocrysts can strongly affect the 

trace element concentration of the bulk sample as reflected in the 

scatter of points on the variation diagrams and also because of the 

possibility that the phenocrysts may not be directly cognate to the 
lava in which they are contained. However, this study has established 

that the Santa Clara series followed the defferentiation trends defined 
at other alkaline volcanoes.

All of the flows contain both groundmass and phenocryst 

plagioclase. Labradorite is most common in the lower flows, the 
plagioclase becoming progressively more sodic in the differentiated 
members. Some of the phenocrysts poikilitically enclose crystals of 

pyroxene or spinel. In the trachytes, some of the phenocrysts are 
mantled by a rim of alkali feldspar.
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Alkali feldspar ground mass and phenocrysts are found only in 
the trachytes. Compositional banding is common and many have skeletal 

interiors with solid rims. This texture is distinctive, particularly 

on the Trachyte Wall beneath Finacate Peak cone, where the phenocrysts 

on weathered surfaces appear to be hollow.

Pyroxene, mostly augite, is also common to all members of the 
series. Aegerine augite was identified in two of the trachyte flows 

and in some nodules. A few pyroxene phenocrysts have iddingsite-like 
rims in one hawaiite flow.

Olivine is common to the lower members of the series, sparse in 

the benmoreite and absent from the trachyte. Large (% 3 mm), euhedral 

phenocrysts with sharp edges and points occur in the hawaiite and 

mugearite, rounded and partly resorbed phenocrysts in mugearite and 

benmoreite. All of the phenocrysts have some iddingsite on their rims 
and a few are completely replaced.

Opaque iron-titanium oxides are ubiquitous. Some have the 

octahedral form of spinel crystals, most are anhedral. Opaque minerals 

are most common in the lower members, decreasing in abundance in the 
higher members.

The Nodules

Coarse-grained gabbroid nodules up to 20 cm major axis are 

abundant in the agglomerates of Pinacate Peak cone and present in the 

pyroclastic deposits of all the other summit platform cones. Nothing 

similar has been found in cones outside of the summit platform. Most 

of these nodules are coherent, they are completely unlike the
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pyroxene-plagioclase nodules found at Sykes Crater which have much 

larger crystals, open voids and are quite friable. The most common 
type contains plagioclase, pyroxene, olivine and spinel. Next in 

abundance is plagioclase-pyroxene, followed by pyroxene olivine-spinel 

and lastly, pyroxene-spinel. Some are layered and all have cumulate 

textures. No olivine (Iherzolite) nodules have been found.

I interpret these nodules to be accumulations of the minerals 

fractionally crystallized out of the differentiating Santa Clara magma 

body. Because of the infinite number of evolutionary paths possible, 

quantitative evaluation of this nodule suite cannot define the frac

tionation history of the magma, only provide some constraints 
(Jamieson, 1970). Their limited distribution within Pinacate-cones on 

the summit platform, an area of about 5 km radius, suggests that they 

were dredged up by Pinacate magmas which passed through the site of the 

old magma chamber and tore off parts of its wall. Shapes of the nod

ules are sub-angular to sub-rounded showing some mechanical abrasion 

during transport to the surface. Analyses of some mineral separates 

plugged into the XLFRAC differentiation program fit quite well.
Presence of plagioclase restricts their provenience to depths less than 

25 km (pressures lower than 100 Mpa). Finding of the "fractionate" is 

additional strong evidence for fractional crystallization.
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Geochemistry

Major Elements. The variation plots (Table 7, Figures 43, 44)
show smooth trends in the relationships between various components of

the Santa Clara series. The implication of these trends is that the
variation of one component relative to another is a necessary

consequence of the genetic process, specifically fractional

crystallization. Trends of increase or decrease are the same when

plotted against either SiOg or the Differentiation index (Thornton and

Tuttle, 1960). Oxides of Mg, Fe, Ti, and Ca, components of the early
crystallizing refractory minerals olivine, pyroxene and Ti-Fe spinel,

decrease on both plots. Na 0 and k „ 0 both increase although K-0
i. 2 2 2

increases faster because Na 0 enters plagioclase which crystallizes2
throughout the sequence.

Three component triangular diagrams (Figure 45) illustrate the 

strong similarity between Santa Clara variation trends and those of 

other alkaline sites where investigators have established a fractional 

crystallization history of differentiation. Lack of iron enrichment 
illustrated in the AIM diagram is a characteristic of the alkaline 

differentiation trend (Kuno, 1968).

Permissible fractionation paths between members of the Santa 

Clara Series were established numerically using the major elements by 

the least squares mass balance computer program "XLFRAC" written by 

Stormer and Nicholls (1978)(Table 8 ). This program solves an over

determined series of linear mass balance equations, one for each oxide 
component, to minimumize the residuals between the observed and



FIGURE 43. BARKER VARIATION DIAGRAMS FOR SANTA CLARA SERIES ROCKS. —  These pattern are similar to 
those of the next figure. This smooth covariance is not all due to the "constant sum" effect (Cox 
and others, 1979) and is partial evidence for fractional crystallization.
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TABLE 7. —  MAJOR ELEMENT CONCENTRATIONS - SANTA CLARA SERIES
SEQ. NR. 1 HA 2 HB

90454 90431
Si02 44.40 47.10
Ti02 3.36 1.92
A1203 17.20 16.00
Fe(T) 12.89 11.27MnO 0.25 0 . 2 2
MgO 4.97 5.44
CaO 9.38 10.25
Na20 3.63 3.50K20 1.37 1.14P205 0.53 0.30
TOTAL 97.98 97.14

SEQ. NR. 6 MB 
90452

7 MC 
90436

Si02 49.50 52.10
Ti02 1.94 1.96
A1203 17.30 18.40
Fe(T) 1 0 . 0 2 9.19
MnO 0 . 2 2 0 . 2 0MgO 4.77 3.15
CaO 7.55 8.43
Na20 4.32 4.49K20 2 . 0 0 1.98
P205 0.37 0.57TOTAL 97.99 100.47

SEQ. NR. 11 BC 12 BD
80523 80316Si02 55.10 57.60

Ti02 1.56 0.50
A1203 17.50 17.80
Fe(T) 8.03 6.67MnO 0.17 0.15MgO 2 . 2 2 1.65
CaO 5.15 4.52Na20 5.24 5.51K20 3.33 3.41P205 0.41 0.07TOTAL 98.71 97.88

3 HC 4 HD 5 MA
70130 80309 90456
48.40 46.70 53.20
2.37 3.25 1.08
16.30 16.10 19.60
12.89 12.94 6.19
0 . 2 0 0.19 0 . 1 0
5.57 4.90 2.75
9.50 8.85 10.04
3.32 3.50 4.11
1.08 1.23 0.89
0.33 0.60 0.15
99.96 98.26 98.11

8 MD 9 BA 10 BB
90437 80320 90440
53.00 55.10 53.80
1.71 1.50 1.54

17.10 17.50 17.50
9.73 8.14 10.06
0 . 2 2 0.15 0 . 2 2
3.76 2 . 0 2 2.78
6.30 5.01 5.77
4.79 5.18 5.33
2.51 3.37 3.15
0.49 0.35 0.38

99.61 98.32 100.53

13 TA 14 TB 15 TC
80304 80524 80519
56.70 60.30 60.00
1 . 2 2 0.49 0.57

17.90 18.20 17.80
6.32 5.57 5.49
0.15 0.15 0.15
1.31 0.59 0.39
3.85 2.57 2.33
6 . 0 0 5.99 6 . 2 1
4.36 4.27 5.82
0 . 2 1 0.07 0.08
98.02 98.20 98.84
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TABLE 7.- MAJOR ELEMENT CONCENTRATIONS —  Continued

SEQ,. NR. 16 TD 17 TE 18 TF 19 TG 20 TH90450 90439 90455 90438 90442Si02 62.90 61.60 62.90 61.70 61.50Ti02 0.50 0.61 0.49 0.58 0.49A1203 15.50 17.70 15.70 17.40 18.60Fe(T) 7.79 5.21 6.49 4.88 5.35HnO 0.23 0.14 0.18 0 . 1 0 0 . 1 2MgO 0 . 2 1 0.40 0.15 0.41 0.51CaO 1.79 2.09 1.69 2.32 1.44Na20 5.85 6.08 6.40 6.39 6.80K20 4.89 5.44 5.20 • 5.44 5.26P205 0 . 0 2 0.19 0.15 0 . 0 0 0.17TOTAL 99.68 99.46 99.35 99.22 100.24

SEQ. NR. 21 TI 22 TJ 23 TK 24 TL 25 TM90453 70129 60104 70123 70124Si02 62.80 63.10 58.00 58.80 61.30Ti02 0.52 0.50 1.25 0.99 0.53A1203 15.30 15.60 17.50 17.90 17.20Fe(T) - 6 . 0 2 6.47 6.32 6.44 5.88MnO 0.17 0.17 0.14 0.13 0.13MgO 0.18 0 . 2 1 1.28 1 . 2 2 0.27CaO 1.47 1.74 3.40 3.48 1.87Na20 6.28 6.29 6 . 1 2 5.88 6.44K20 5.08 5.17 4.35 4.19 5.62P205 0.05 0 . 1 0 0.24 0.50 0.09TOTAL 97.87 99.35 98.60 99.53 99.33

SEQ. NR. 26 TN 27 TO
Si02

70126 90433
60.40 61.90Ti02 0.50 0.55A1203 19.30 18.00Fe(T) 4.72 5.52MnO 0 . 1 0 0.15MgO 0.44 0.34CaO 2.14 2.04Na20 6.26 6.38K20 4.82 5.45P205 0.07 0.07TOTAL 98.75 100.40



FIGURE 45. TRIANGULAR VARIATION DIAGRAMS A-F-M AND Ca—Na-K. —— Upper plots illustrate Santa Clara 
data points and the field of Pinacte data. The lower plots show the field of Guadalupe Island 
analyses (GUAD) along with trends of Ascention (A), Gough (G) and St. Helens (H) Islands. Diagrams 
after Batiza (1977a)• w4>
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TABLE 8 . —  PERMISSIVE FRACTIONAL CRYSTALLIZATION PATHS

UNIT SRC SMD SEA STA STH
% XLIZED Initial 64.0 20.7 21.7 16.6
"f" (remainder) 0.36 0.29 0.22 0.19
MINERALS

PLAGIOCLASE 75-FSP 29.60 PL 7.03 PL 11.19 PL 8.38
OLIVINE OL 7.80 - - -
PYROXENE 75-PX 22.36 03-PX 11.19 PX 8.27 PX 5.19
SPINEL OV 4.24 UV 2.51 UV 1.42 UV 2.97

"Residuals" .049 .948 .062 .190

TRACE ELEMENTS (upper figure is analyzed concentration,, lower is predicted)
ANAL Rb . 16 36 60 67 108
MOD D-0.05 42 53 67 80

ANAL Y 29 . 34 44 46 52
MOD D-0.65 41 45 49 52

ANAL Zr 157 280 493 511 805
MOD D-0.10 395 486 600 713

ANAL Nb 21 49 65 70 115
MOD D-0.05 55 69 87 104

Zr/Zr(h) .58 .33 .32 .20ll£M .36 .29 .22 .19

One permissible path for fractional crystallization computed using XLFRAC. 
Minerals identified with numbers are analyzed separates from the nodules. Trace 
element variations were modeled using the Rayleigh fractionation equation from 
Fig. 44. Agreement between analyzed and modeled values is good except for Zr.
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calculated differences between two "magmas" when specified mineral 

phases are added or subtracted. It cannot "prove", only establish the 

possibility, that "magma B" (represented by a rock composition) was 

derived from "magma A" by fractional crystallization or assimilation of 
the selected minerals. Low values for "Sum of the squares of the 

residuals" indicates how well the difference between A and B is 

explained by subtraction (or addition) of the minerals. Residuals 

less than 1 . 0 show excellent agreement.
Unfortunately, this program cannot compute a reasonable 

solution using two minerals of closely similar composition (like 

forsterite and enstatite). For this reason, some of the solutions 

presented in table 8 are contrived. Pure wollastonite, for example, 

will not occur with forsterite and fayalite, it will be one of the end 

members of the wollastonite, enstatite, ferrosilite ternary which 
equates to augite, the actual crystallized mineral phase. Otherwise, 

the permissible fits are quite good. Not only do the end member

minerals fit but the analyses of minerals from the nodules fit some
\

fractionation steps.

Trace Elements. Trace element concentrations within the Santa 

Clara series are as smoothly covariant as are the major elements (Table

9, Figures 46-51), despite the point scatter from the porphyritic 
nature of the rocks. Trace element variations have been modeled in 
accordance with equation (1 ) in figure 4 5 and the variation patterns 

are interpreted to indicate fractional crystallization as the major 

petrogenetic process, bearing in mind that the most primitive of the



TABLE 9. TRACE ELEMENT CONCENTRATIONS. 

SANTA CLARA SERIES LAVAS
CODE Si02 DI SI Hi Rb Sr Y Zr Nb Zr/Zr(h)Zr/Y Zr/Nb K/Rb CODE

SHA 44.4 37.6 21.4 22 26 457 28 164 21 1.0 5.86 7.81 437* SHA
SHB 48.4 36.5 24.0 15 363 31 170 24 1.03 5.48 7.08 597# SHB
SHC 47.1 36.5 24.0 85 16 346 29 157 21 0.95 5.41 7.48 591# SHC

SHD 46.7 39.8 21.4 23 427 33 256 46 1.56 7.76 5.56 444* SHD
SMA 53.2 45.2 19.5 77 16 346 36 260 44 1.58 7.22 5.91 461* SHA
SHD 53.0 57.7 17.8 76 36 393 34 280 49 1.71 8.23 5.71 578# SHD

SBA 55.1 67.0 12.8 60 280 44 493 65 3.00 11.2 7.58 466* SBA
SBB 53.8 62.3 12.8 32 29 460 32 260 41 1.58 8.13 6.34 902 SBB

STA 56.7 76.1 7.2 10 67 203 46 511 70 3.12 11.1 7.30 540# STA
STC 60.0 85.6 2.1 104 85 59 620 140 3.81 10.6 4.46 465* STC
STD 62.9 83.6 1.1 6 95 17 48 647 98 3.95 13.5 6.60 427* STD
STE 61.6 85.7 2.3 78 66 49 464 41 2.83 9.47 5.10 579# STE
STH+ 61.5 87.7 2.8 6 ' 108 19 52 805 115 4.91 15.5 7.00 404 STH
STK 58.0 78.2 7.0 67 183 44 495 76 3.02 11.3 6.5 539# STK
STN 60.4 84.7 2.7 70 226 41 515 85 3.14 12.6 6.06 580# STN

PINACATE SERIES LAVAS

P42 47.6 37.5
PCO 48.5 44.8
PLV 46.7 43.2
PWA 51.7 57.6
PWB 51.3 55.3
PWT 51.4 49.8

33.6 175 30
27.3 115 38
21.7 40 29
12.7 28 34
13.4 41
28.4 26

450 32 251
462 29 315
490 34 242
428 36 318
439 48 356
513 32 210

57
50
47
53 
65
54

7.48 4.40
10.8 6.30
7.12 5.15
8.83 6.00
7.42 5.48
6.56 3.90

380 P42
389 PCO
415 PLV
537 PWA
437 SWB
664 PWT

PRE-PINACATE NEOCENE VOLCANIC ROCKS

MDM 49.5 31.0 34.9 8 206 15 85 6 5.76 14.0 332 MDM
OPP 54.8 47.7 29.6 25 1160 25 225 11 9.0 20.5 481 OPP
MSP 52.7 47.5 22.0 23 430 29 239 15 8.24 15.9 487 MSP »-*
Hotel + "Silver Trachytef * -"460" K/Rb met. # -''540" K/Rb set. Zr(h) is average Zr of hawaiitea. w
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Fractional Crystallization 
(Rayleigh Law) o>

Partial Melting

D tf( l-D )

.06 25

FIGURE 46. TRACE ELEMENT BEHAVIOR MODELS. —  Straight lines show 
relative concentration increases in response to fractional crystal 
lization (Rayleigh law) for bulk distribution coefficients of 
0.05 to 0.5. The curves show relative concentration decreases in 
response to partial melting (Berthelot-Nernst law) for the same 
distribution coefficients.
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FIGURE 47. CONCENTRATIONS OF Ni AND Sr. —  Both compatible elements 
are removed as differentiation proceeds. The "dog-leg" pattern of Sr 
was noted by Batiza (1977a) at Guadalupe Island and the precipitous 
decrease attributed to the crystallization of K feldspar.
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FIGURE 48. Y, Nb AND Rb RELATIVE TO Zr CONCENTRATION. -- Variations 
of these incompatible trace elements in the Santa Clara series form 
coherent, nearly linear patterns using Zr as a fractionation index. 
Compositional fields of the Pinacate rocks are more scattered and Nb is 
offset, supporting the interpretation of separate magma bodies for each 
of the Pinacate volcanoes.
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FIGURE 49. Zr/Nb RATIO RELATIVE TO Zr CONCENTRATION. —  This ratio 
should be constant for consanguinous rock series because of the low 
bulk distribution coefficient for both elements (Pearce and Norry, 
1979). The mean and standard deviation for the Santa Clara series is 
6.57 + 0.83 (arrow). Hawaiites and mugearites fall into two distinct 
groups while the benmoreites-and trachytes are scattered across the 
range of 5.1 to 7.8. Samples belonging to the 440 K/Rb group (Fig. 50) 
are underlined, the 570 group is unmarked (BB and TH marked *, belong 
to neither). For comparison, the Zr/Nb ratio of the Kenya Rift rocks 
is 3.41 + 0.44 (Baker and others, 1977). Both data sets have a similar 
13% relative error. Pearce and Norry (1979) report that Zr/Nb ratios 
from different tectonic settings are distinctive, Mid Ocean Ridge 
Basalts are all less than 5 while within-plate basalts are all greater 
than 3. This observation clearly precludes spreading center processes 
from the Pinacate-Santa Clara magma genesis.
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FIGURE 50. RATIOS OF Zr/Y RELATIVE TO ZIRCONIUM. —  The trend of 
these ratios is a fairly sensitive indicator of petrogenetic process 
according to Pearce and Norry (1979) who modeled the illustrated 
theoretical trends using distribution coefficients from the 
literature. The dashed curve shows expected variations from partial 
melting with the two straight segments representing two different 
modeled mixtures of garnet, olivine, clinopyroxene and orthopyroxene. 
The straight vectors show 50% fractional crystallization of garnet 
(GAR), clinopyroxene (CPX) and a mixture of 0.5 plagioclase + 0.2 
olivine + 0.3 clinopyroxene (POC). The Santa Clara trend (R2 * 0.91) 
shows greater enrichment of Y relative to Zr than would be expected 
from fractional crystallization of POC, a mixture similar to the 
material found as nodules and greater even than removal of pure clino
pyroxene. The magma chamber is probably too shallow for garnet to 
be a major phase and no garnet is found in the nodules. The field 
within the dotted lines represents a not-well- understood source 
enrichment model. All values have been normalized to an average 
hawaiite Zr =164 and Y *29. After Pearce and Norry (1979, p. 38).



143

K(ppm)

1-20000

-10000

TG7̂  J jHeTN /TD I 

TB
/ '

BB

/  /y  m a
/ /

MB MP" y/</
HD

X

^Rb = 570*24yy4rL y/

/ /
Mb’ y^ -K /R b = 44 0*l9

/ /

Rb (ppm)
5° . , , iqo

FIGURE 51.* K/Rb RATIOS OF THE SANTA CLARA SERIES. —  Most ratios fall 
into two groups, one at 440 + 19 and the other at 570 + 24. Underlined 
symbols fit into neither group. Since K and Rb are both incompatible 
until K-bearing minerals begin to crystallize late in the fraction
ation process, the ratio should be constant in a consanguinous 
series. However, both ratio groups contain rocks of all types in 
the sequence with no particular bias. This bimodal distribution does 
not correlate with any other factor of chemistry, stratigraphy, age 
or outcrop location.



analyzed rocks are probably not the most primitive of the series. 

Implications of each variation trend are discussed in the figure 
captions.

Trace element contents of selected Pinacate rocks are plot
ted on the same diagrams for comparison purposes. Whereas the com

positional fields of the major elements of Pinacate and the most 

primitive Santa Clara rocks overlap (Figures 43 and 13 in Chapter 2), 

the Santa Clara hawaiites are depleted in most analyzed incompatble 
trace elements relative to the Pinacate rocks. The porphyritic nature 

of both the Pinacate and Santa Clara rocks illustrates some frac

tionation from the parental magma but the trace element differences 
are probably not caused by this. The "depletion" suggests the 

possibility that the initial Santa Clara magma was derived by a greater 

degree of partial melting than were the Pinacate magmas and trace 

element concentrations were set in accordance with equation (2) of 

Figure 44. The relatively greater scatter of the Pinacate points 

reinforces the conclusion that each represents a different magma body.

Incompatible trace element concentrations can be modeled with 
good agreement between predicted and observed values using the 

permissible fractionation path from table 8. Bulk distribution 
coefficients of 0.05 were assumed for Rb and Kb. D for Yttrium 

was computed to be 0.65. Zirconium values were equivocal.
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Strontium Isotopes. Ratios of 87/86 strontium were determined on 

8 members of the series and 4 mineral separates from nodules (Table 

10). The range of values is 0.7032 to 0.7040 with a mean of 0.7036 ± 

0.0002. This observed variation is probably not petrogenetically 

significant as the variation is independent of either age or compo
sition. These low initial ratios are indicative of mantle provenience 

for the lavas since they fall within the evolved upper mantle ratio 
range between 0.7020 and 0.7040 (Faure, 1977). Contamination of the 
magmas by fusion of gneissic Precambrian crust is precluded. There is 

no difference between the Santa Clara ratios and the Pinacate ratios 

(Table 2) indicating Sr isotopic homogeniety of the source of both rock 

series. A Rb/Sr pseudo-isochron computed from the data in table 10 

yields an apparent age of 1.5 Ma for the magma chamber although the 

short time interval and experimental errors on the data points makes 

the uncertainty of this figure larger than the age.

Benmoreite "B", the Compositional Reversal

Benmoreite "B" is the horizontal flow on Bighorn Ram Ridge 

(Fig. 37) which rests atop the eroded edges of northward dipping older 

flows. Its age is 1.15 ± 0.03 (Table 6), slightly older than trachyte 

"A" but similar to trachyte "D". Flows beneath include trachyte "F", a

more evolved rock than benmoreite "B”. This unit is stratigraphically 
out of place with respect to other members of the Santa Clara series 
although it plots indistinguishably among the others on major and most 
trace element variation diagrams. Its 87/86 strontium ratio of 0.7034 

is equal to the mean of the series (Table 10). It is distinguished
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TABLE 10. —  STRONTIUM 87/86 ISOTOPE RATIOS - SANTA CLARA SERIES LAVAS 
Analyst: D.J. Lynch, University of Arizona

Sp.Nr. Code Rb(XF) Sr(lD)/Sr(XF) 87/86 +/- Age
90454 SHA 26 456.7/450 0.7034 .0002 1.70
70130 SHB 15 363.3/362 0.7040 .0001
90456 SMA 16 ND /346 0.7032 .0001 1.54
70452 SMB 21 423.7/402 0.7039 .0001 1.45
90440 SBB 29 ND /460 0.7034 .0001 1.15
80522 SBC 54 366.5/370 0.7036 .0001 1.34
80304 STA 62 ND /192 0.7033 .0001 1.15
80442 STH - Gm 108 18.7 / 52 0.7038 .0001 <1.07

STH - Fsp ND /295 0.7037 .0001 11

Average 0.7036 .0003

• Nodule mineral separates
70175 Feldspar 1206.3/ND 0.7036 .0001

Pyroxene 54.4/ND 0.7035 .0001
91003 Feldspar 935.6/ND 0.7034 .0001

Pyroxene 84.3/ND 0.7034 .0001

Average 0.7035 .0001

Average, all Santa Clara 0.7036 .0002

Note: 88/86 Sr normalized to 8.3114. Mean of 8 determin
ations of standard E&A strontium carbonate is 0.70799 
Three letter code refers to App. Ill and some diagrams.Note:
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solely by its K/Rb ratio being significantly higher than the others 
(Figure 48).

Such compositional reversals in other series are usually 

explained as tapping of a compositionally stratified magma chamber 
(Baker and others, 1977; Batiza, 1977a, Upton and Wadsworth, 1972). 

Certainly, the time interval is short enough for BB to have come from a 
more basic layer beneath a contemporaneously erupted (but unsampled) 

benmoreite or trachyte. Other possible mechanisms include mixing of a 

newer magma with the small volume of remaining Santa Clara trachyte 

magma or eruption of this differentiated magma from a separate magma 

chamber below the Santa Clara chamber as suggested by the K/Rb ratio.

The first possibility requires mixing of the trachyte magma 

with ferro-basalt, a magma type not represented within the Pinacate 
Series. This mythical magma would be required to carry with it just 

the right trace element concentrations to place BB on all the trend 

lines. The second possibility is no less "special pleading" in its 

requirement for a separate but exactly parallel differentiating magma 

derived from the same enriched mantle source at some position beneath 

the Santa Clara body which provided this single flow. Compositional 

stratification of the magma chamber is the most appealing explanation.
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The Santa Clara series evolved from an alkali-olivine-basalt 

parent along the alkaline differentiation trend by fractional 

crystallization of olivine, pyroxene, plagioclase and spinel which 
removed Mg, Fe, Ti and Ca along with the compatible trace elements Ni, 

Cr and Cu. Na, K and Si along with the large ion trace elements Rb,
Nb, Y and Zr were concentrated in the remaining liquid. All lavas 
appear to have erupted through the same conduit system, the flows fall 

in proper chronologic-stratigraphic sequence with the noted exception, 

.major and trace elements show a smooth covariance and Sr isotopic 
ratios indicate an isotopically homogeneous source within the mantle. 

Evolution of the Santa Clara Series lavas closely followed the patterns 

of other alkaline volcanoes as noted. Crystals fell to the bottom of 

the magma chamber to form a cumulate as the magma evolved. Shortly 

before the Santa Clara magma body was exhausted, more primitive magmas 

of the Pinacate Series began to penetrate through the crust in the area 

around the composite volcano.

Similar Differentiated Alkaline Rock Series 

The only other continental equivalent of Volcan Santa Clara 

reported in North America is the Neogene age Rainbow Range Volcano 

of British Columbia (Bevier and others, 1979), described (but not 
identified) as a trachyte shield volcano. It is part of the Anahim 
belt which has an abundance of monogenetic volcanoes in a relationship 

like Santa Clara has to Pinacate. Strontium isotopic ratios of this 

differentiated series cluster uniformly around 0.7032 indicative of a
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mantle provenience. The authors interpret the difference between the 

monogenetic basalt volcanoes and this polygenetic composite volcano to 

have resulted from "trapping" of basalt magma in a long- lived magma 

chamber where the magma evolved by crystal fractionation to create 
the differentiated series. Source of the volcanism was variously 

attributed to an "edge effect" of the subducting Juan de Fuca Plate, 
westward movement over a mantle plume or an incipient rift zone; no 
conclusions were drawn.

"Evolved" lavas in the alkaline differentiation series have 

been found in some of the scattered vent, monogenetic volcanic fields 

of the Southern Basin and Range Province (Figure 52). A single 

occurrence of mugearite was reported by Holloway and Cross (1978) in 

the San Carlos Volcanic Field and occurrences of benmoreite were 

reported in the San Bernardino Volcanic Field by Evans and Nash 
(1979).

Trachytic lavas have been found at Mesa Chivato in New Mexico 

and at Palomas in Chihuahua. Mesa Chivato lies in the transition zone 

between the Colorado Plateau and the Southern Basin and Range Province 

on the northeast flank of Mount Taylor. Grumpier (1980) found the 

complete basalt to trachyte rock series occurring in a group of 
monogenetic volcanoes rather than as a composite mountain. As with 
Pinacate, the differentiated series is overlain by basalt to hawaiite 

lavas from younger monogenetic volcanoes. Grumpier inferred a single 

magma body source for the differentiated lavas because they occur in 

a limited area (200 km2) and in a crude stratigraphic succession.

Local interfingering of compositional types, a wide range of 87/86 Sr
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FIGURE 52. VOLCANIC FIELDS HAVING DIFFERENTIATED ALKALINE LAVAS. —  
The marked volcanic fields have lavas more differentiated than 
hawaiite. References in Figure 3, page 6.
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ratios (0.7039 - 0.7061) and poor fits from step to step using XLFRAC 

suggest the possibility that these lavas may have evolved separately.

Preliminary investigations by Frantes (Frantes and Hoffer,

1981; and Frantes, written communication) have found a mildly alkaline 

rock series as a group of monogenetic volcanoes in the Palomas Volcanic 

Field on the border between New Mexico and Chihuahua. The most common 

and least differentiated lava type is basanitoid (normative nepheline 

<10%). The trend of the lava types is less alkaline than the Santa 
Clara series with a quartz trachyte being the most evolved rock type. 

Neither stratigraphy nor age relationships within this series have yet 
been established.

A series of lavas ranging from basanite and alkali-olivine- 

basalt to hawaiite and quartz basaltic andesite has been described in 

the Shivwits- Uinkaret Plateau area by Best and Brimhall (1974). This 

diverse group of rocks occurs in monogenetic volcanoes on the faulted 

western margin of the Colorado Plateau. The rock types are not 

derivative one from another, but appear to represent variable limited 

partial melting of mantle peridotite at different depths. The authors 

reached this conclusion solely from petrologic considerations although 

it is equally obvious from the cone distribution and ages.



CHAPTER 5

ORIGINS OF PINACATE AND SANTA CLARA, A GENERAL VOLCANIC MODEL

Alkaline volcanoes have many similarities in composition, 
mineralogy, morphology and eruptive history which transcend each 

volcano's uniqueness to imply operation of a universal process of magma 

generation. This constrains a general model which will explain both 

the similarities and differences between volcanoes in a wide variety of 

settings. The model proposed here is applicable to alkaline volcanoes 
in the Southern Basin-Range Province and may be extended to the other 
continental volcanoes.

The Nature and Source of the Alkali-Olivine-Basalt Magma Type 

The basalt family has at least two fundamentally different 

branches, tholeiite and alkali basalt, which differ in mineralogy, 

composition and mode of occurrence. Kuno (1968) recognized a third 

series, high alumina basalt, in addition to these and asserted that 

each of the three came from a different parental magma. Each "anchors" 

a separate differentiation trend (Carmichael and others, 1974). The 

tholeiitic differentiation trend tends toward silica enrichment from 
basalt to andesite, latite, dacite and ending at rhyolite. In 
contrast, the alkalic differentiation trend tends toward alkali en

richment from basalt to hawaiite, mugearite, benmoreite and ending at 

trachyte, which may or may not be quartz normative. Kuno (1968) noted
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that fractionation of the alkali series is relatively simple with no 
iron enrichment. Tholeiite is common as Mid Ocean Ridge Basalt (MORE) 

and continental flood basalt while alkalic basalts are found on oceanic 
islands and small continental volcanic fields. MacDonald and Katsura 
(1964) devised the silica- alkalies diagram (see Figures 13 and 41), 
the most convenient method of distinguishing between the two lava 

types, in Hawaii where the two types occur together. Their dividing 

line between tholeiite and alkali basalt has been modified by other 

investigators (Schwarzer and Rogers, 1974; Irvine and Baragar, 1971) 

for data from other places but the modifications are minor.

Both of the major authorities on modern basalt petrology, A.E. 
Ringwood and H.S. Yoder, believe that the two different magma types 

can be derived from the same source material by minor variations of a 

"universal" magma generating-process. Yoder (1976, p.120) states, "The 

key to the most abundant basaltic magma compositions is the composition 

of the invariant points and related univariant curves controlling the 

physiochemical behavior of the natural chemical systems at each pres

sure level where magma separation takes place. ... There appears to 

be.a memory to magma generation so that flow after flow of similar 
composition is extruded over the world and through large intervals of 
time. The principal control on the. restriction of magma type is 

suggested to be the pressure- temperature dependent phase relations." 

Yoder believed that garnet peridotite was the most likely parent and 

although the proportions of various minerals in this source would vary 

from place to place, the magmas produced would be similar because of 

the uniform processes of magma generation. He favored rising mantle
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diapirs as the source of the magmas because the pressure dependent 
solidus temperature decreases while little heat is lost during rise. 

Whether tholeiitic or alkalic magma is produced depends on the depth of 

separation and the amount and nature of the associated volatiles; high 

pressure and C02 favor producton of alkalic magmas while lower pres
sures and H20 favor production of tholeiites. Yoder attributed the 

trace element variations observed to differing proportions of contrib

uting phases, particularly the minor phases, in the parent as well as 

to the degree of partial melting.

Ringwood similarly proposed that melting of a common parent 

under differing conditions was responsible for the two different magma 

types. Ringwood (1975, p.136) states, "The quantitative experimental 

results quoted ... show that, in the intermediate pressure regime, a 

parental olivine tholeiite or tholeiitic picrite magma would frac
tionate directly towards and through the critical plane of undersat

uration (in Yoder and Tilley's (1962) basalt tetrahedron), producing a 

continuous spectrum of basalt compositions between the the parental 
tholeiite, extending to alkali basalts and basanites containing up to 

6% normative nepheline." He concluded that the degree of partial 

melting was the main factor in determining the magma type. Alkali 

basalts result from small degrees (5 to 10 %) while tholeiites require 

greater degrees (<25%) of melting. He also recognized that the world
wide similarities of magma types and rock associations resulted 
from the "universality" of the "fundamental petrogenetic processes". 

Trace element variation was attributed to "wall rock reaction" or 

disequillibrium during small degrees of partial melting.



Schwarzer and Rogers (1974) considered that alkali olivine 

basalt was a primary magma type in its own right, with a worldwide 

distribution in all geologic settings; continents, ocean islands and 

back arc basins. They found no systematic variation in composition 

regardless of the geologic setting. Since the major element com
position of this magma type is unaffected by the site of generation, 

the process of magma generation must be independent of crustal 
structure and tectonics.

The observed variation in trace element content between Hid 

Ocean Ridge Basalts (tholeiites) and alkali olivine basalts was 
attributed to "real geochemical heterogenieties in the mantle" by Sun 
and Hanson (1975). They noted that the AOB source appeared to be 

enriched in K, Ba, Rb and the Light Rare Earth Elements (LREE) relative 

to the MORE source and that this source was similar for basalts in the 
continental, ocean island and back arc settings. They proposed that 

the MORB source was shallow, convecting upper mantle and the AOB source 

was beneath this depleted convecting layer. The two sources have been 
chemically separate for 1 to 2 billion years.

Gill (1976) challenged this two reservoir model, suggesting 

instead that differences in pressure, temperature, partial pressure of 
water and oxygen fugacity were responsible for disequillibrium melting 

in a homogeneous mantle thereby producing both the trace and major 

element differences between the two basalt types. Sun and Hanson 
(1976) replied that diffusion coefficients were too high at upper 

mantle temperatures to allow grain to grain inhomogenie ties necessary 

for disequilibrium partial melting to exist over long time periods.

155



They suggested here that the source of the Hawaiian AOB had been 
enriched in LREE and LIL elements relative to the source of Hawaiian 

tholeiites by solutions able to discriminate among incompatible 

elements. They concluded again that the alkali basalts must have come 

from a deeper, isolated mantle.
Evidence for an inhomogeneous mantle is accumulating from 

volcanic fields having lavas representative of "primary” magmas, magmas 
which were in major element equilibrium with mantle peridotitie. Frey 
and others (1978) define such lavas as those bearing Iherzolite and 

peridotite nodules, having Mg* values between 68 and 75 and having 

concentrations of the compatible trace elements above certain values;

Ni <90, Co <27 and Sc <15. Mg* is the atomic ratio 100 x Mg /" Mg + 

Fe++. If the least refractory mantle material has a Mg* value of 88 to 

89 and the distribution coefficient of Fe/Mg between 01/liq is 0.3 (as 
determined experimentally by Roedder and Emslie (1970)), the equil

ibrium liquid should have a Mg* value between 68 and 75 for partial 
melts up to 30%.

Frey and others (1978) found "primary" continental basalts 

ranging from strongly undersaturated olivine melilitites to quartz 

tholeiites which they suggest all came from a mantle pyrolite source 

that was strongly enriched in Ba, Sr, Th, U and LREE and somewhat 

enriched in Ti, Zr, Hf and HREE relative to a chondritic mantle. The 

range of rock types reflects the differing degree of partial melting of 
the source. They concluded that the source of these continental 

tholeiites, as well as of the alkalic basalts, was very different from 

the MORE tholeiite source and that some mantle regions are enriched in
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incompatible trace elements while others are depleted. This conclusion 
is supported by the work of Boettcher and O'Neil (1980), Irving and 

Green (1976), Menzies and Rama-Murthy (1980) and Windom and Boettcher 

(1980).

Mysen and others (1978) determined experimentally that H20 is 
mobile in the upper mantle and can redistribute large ion, incompatible 

elements. This mobile fluid will be enriched in LREE and alkalis and 

will impress its signature on upper mantle rock through which it 
passes. Wass and Rogers (1980) studied Australian alkali olivine 

basalts and nodules entrained within them, both nodules and basalts 

being strongly enriched in LREE and other incompatible trace elements. 
The high Ti, K, P, Na, Sr, Rb, Zr, Ba, LREE "signature" characteristic 

of AOB is inherited from a source which has been metasomatized with 

these incompatible elements by fluids possibly originating in the low 
velocity zone. They conclude that fluids rise through the upper mantle 

and alter it and, moreover, that this mantle metasomatism is a 

necessary precursor to continental alkalic volcanism.

Further evidence that the source of AOB is not only enriched in 

the incompatible elements but is heterogeneous from place to place is 
provided by Van Kooten (1980). He has studied "primary" ultrapotassic 

basanites from the Sierra Nevada Mountains, some of which contain up to 

9% K20. He concluded that these basanites originated from very small 

degrees of partial melting (1 to 2.5 %) of enriched garnet peridotite. 
The enrichment having resulted from an influx of a fluid phase rich in 

Ba, K, Rb, Sr, LREE and probably H^O. The rocks showed a continuous, 

age related range of l^O from 1 to 9 % with the lower values in the
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younger, last erupted lavas. He concluded from this that all the lavas 

originated by partial melting of a single source, the first melts 
taking with them most of the

The role of water as the vehicle for this mantle metasomatism 
and subsequent generation of basalt magma is a subject of controversy. 

Bailey (1970) called upon the high heat capacity of water to both carry 

heat into the melting zone and suppress the solidus temperature of the 

mantle minerals as well. Kuno (1968) attributed the lack of iron 
enrichment in the alkaline differentiation trend to high f-o^ from a 

"significant" water content of the magma. However, Yoder (1976) noted 

the association of HgO with generation of tholeiitic magmas and of COg 
with generation of alkalic magmas. Bailey (1978) addressed the problem 

again and questioned the importance of water because he found alkalic 

glasses from East Africa to be depleted in water relative to other 

volatile components.

A volatile phase .is criticaly important to alkaline volcanism. 

Rafferty and Hemming (1979) studied a group of associated alkaline and 

sub-alkaline volcanoes in New Zealand where tuff rings were abundant 

only with the alkaline volcanoes. They concluded that the alkaline 

magmas were more volatile charged than were the accompanying sub- 

alkaline magmas. The scoraceous nature of the Pinacate lavas and the 

pumice and agglomerates associated with the later Santa Clara magmas 

attests to a high volatile content of the magmas but whether it was 
primarily HgO or COg cannot be determined.

Now that it has been established that the source of AOB is 

enriched in LIL elements relative to-the source of MORB, some question
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arises as to its location.. Sun and Hanson (1975,1976) postulate a deep 

source whereas the concept of mantle metasomatism requires a shallow 

source. Anderson (1981a,b) proposes a two reservoir model for an upper 

mantle which has been differentiated from the lower mantle for at least 

1 billion years. The lower reservoir called the Perched Eclogite Layer 
(PEL) lies between the 640 km seismic discontinuity and the base of the 

Low Velocity Zone (LVZ). The upper reservoir is the LVZ between about 

220 km and the base of the continental lithosphere. The LVZ has been 
enriched in LREE, LIL elements and volatiles by plumes rising out of 

the PEL which has thus been depleted in these elements. PEL is the 

source of MORE by relatively large degrees (25%) of partial melting.

LVZ is the source of all alkaline magmas from kimberlites to con 

tinental tholeiites depending on the degree of partial melting.

This LVZ layer is worldwide and capable of providing alkaline magmas 

in all geologic settings except, perhaps, the mid ocean ridges which 

connect directly with the lower (PEL) layer.

Origin of the Pinacate and Santa Clara Magmas

Santa Clara and the Pinacate volcanoes exist because certain 

processes operated in the upper mantle to generate basalt magma and 

collect it into bodies capable of moving, changing and eventually of 

opening conduits to carry the magma through the crust to the surface. 

The compositions of the lavas and the forms of the volcanoes dis

persed across the volcanic field provide constraints on the nature 

of these processes. Additional constraints are applied by comparisons
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of the Pinacate volcanoes to those of nearby contemporaneous volcanic 

fields. The model which best explains the diversity of features in the 

Pinacate Volcanic Field involves a "magma factory" in preconditioned 

upper mantle peridotite driven by heat carried in with volatiles by a 
rising plume. The Pinacate monogenetic volcanoes were created by magma 
collected in small batches while Santa Clara involved a significantly 

larger batch.

Chapter 1 of this work established that Pinacate is only one of 
many similar volcanic fields scattered across western North America and 

that neither the locations nor the ages of Santa Clara and the Pinacate 

volcanoes can be simply related to Gulf of California tectonics. The 

apparently random distribution of the volcanism within the field in 

both space and time, particularly of the Pinacate cinder cones, 

suggests that the horizontal crustal stress field has been isotropic or 
nearly so for more than 1 million years. Nothing in the structure of 

the surrounding Sonoran Desert appears to favor volcanism either here 

or at Sentinel Plain, closest contemporaneous volcanic field to the 

northeast.

Chapter 2 described the monogenetic Pinacate volcanoes that 
cover the flanks of Santa Clara and much of the surrounding desert.

Each of these volcanoes with its attendant lava flows resulted from a 

single eruption through a conduit used for that particular eruption 

only and never again. The cones show a range of erosional morphologies 
from remnant plugs to fresh, unweathered cinder cones. K-Ar ages 

indicate eruption of the Pinacate lavas began shortly before the end of 

Santa Clara activity. Each eruption probably lasted less than 1 year



161

with an average recurrence interval of about 3000 years, and erupted 
volumes were less than 10^ cubic meters per eruption. The Pinacate 
lavas are all porphyritic and appear to have differentiated slightly at 

depth prior to eruption but the extent of this differentiation is 

small, most are either basalt or hawaiite. Chapter 3 discussed the 
maar craters and suggested that the magmas may have contained large 

amounts of volatile constituents.
Chapter 4 delineated the nature of Volcan Santa Clara as a 

composite, polygenetic volcano of the Trachyte Shield type created by 

successive summit eruptions from a progressively differentiating, 
possibly rejuvenated magma body over more than a half million years.
The Santa Clara magma body ceased producing magmas after trachytes were 

erupted in the summit area about 1.1 Ma. ' All members of the alkaline 

differentiation sequence are found on the mountain along with cumulate 

nodules interpreted to have been carried from the bottom of the defunct 

magma chamber by later Pinacate eruptions.

The implication of Santa Clara is for the long term existence 
of a large magma body, perhaps more than 100 cubic kilometers, at some 

shallow depth in the mantle. This body was tapped at intervals during 

its life through a central conduit system to provide the lava sequence 

found on the mountain. Compositional changes within this sequence were 

caused by fractional crystallization of the magma and perhaps by 

addition of new, more primitive, magma from beneath which mixed with 
the liquid remaining in the chamber. The Pinacate volcanoes, on the 

other hand, appear to have sprung from smaller individual magma bodies 

which effectively ceased to exist after each eruption. Except for



Santa Clara, Pinacate is identical to the other scattered vent alkali 

olivine basalt volcanic fields of the region.

These other Plio-Pleistocene volcanic fields are found in all 

the geologic provinces of western North America, regardless of crustal 

thickness or tectonic framework (Figure 3-Chapter 1). This is in 
accordance with the observation by Schwarzer and Rogers (1974) 

that alkali olivine basalt is a unique magma type with worldwide 

distribution in all geologic settings. The scatter of the volcanic 
fields in western North America demonstrates that magma generation is 

not an all pervasive, widespread phenomenon but is restricted to 

specific zones of limited area.

A General Volcanic Model
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Each alkali basalt volcanic field lies atop a "Mantle Magma 

Factory" (MMF), a zone in the upper mantle unlike its surroundings in 
that it is producing (or has produced) basaltic magmas. This magma 

factory is run by a plume of volatiles rising from beneath. H2O and 

COg added to the mantle peridotite by the plume lower the solidus 

temperature of the minerals in the zone while the heat provides the 

enthalpy of melting. Magmas generated by partial melting of this 

mantle perdidotite segregate from the source zone after reaching some 
volume threshold to collect in discrete bodies beneath the base of the 

crust. Some differentiation may take place by fractional crystal

lization until the volatile pressure exceeds confining pressure 

and a conduit is bored to the surface (Lynch, 1981a).
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Two kinds of enrichment are possible; the plume which causes 

the melting carries all the enriching elements or the zone has been 
progressively enriched over a long period and the melting plume merely 

"kicks the system over the edge". The first possibility creates an 
upper mantle which resembles the "plum pudding" model of Church and 
Tatsumoto (1975) invoked by Batiza (1977 a) to explain both Guadalupe 

and Tortuga Islands. Isla Tortuga appeared to require contributions 

from different mantle sources which have had significantly different Rb 

reservoirs for some period of time to account for the differing ratios 

of 87/86 Strontium found in the various lava flows.
As a consequence of this proposed model, the area and shape of 

the volcanic field reflects the size of the plume. Scattering of 

monogenetic volcanoes within the limits of the field over a period of 

time suggests that magma collection and segregation is a threshold- 

controlled process. The sub-volcanic mantle can be compared to a cold 

mirror in a bathroom when the shower is turned on. Vapor from the hot 

shower accumulates on the face of the mirror in a uniform deposit.
With time, drops of moisture will nucleate on the glass in various 

places and run down. Like water condensing on the mirror, magma is 
generated all over the Magma Factory by the plume but it segregates 

from its source (drops form) randomly and sporadically.

Segregation and collection processes for magmas remain poorly 

understood. There is general agreement that the average AOB magma 

results from around 10% partial melting of peridotite or pyrolite 

(Ringwood, 1975; Yoder, 1976; Frey and others, 1978). Less saturated 

magmas like melilitites and nephelinites are modeled to arise from
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smaller degrees of partial melting. Van Kooten (1980) proposed 1 to . 
2.5 % partial melting for his high K basalts. Unfortunately, most 

petrologic models ignore the physical problems of collecting small 

amounts of melt. Maaloe and Prinzlau (1979) studied unsheared 

Iherzolite nodules which showed varying degrees of partial melting up 
to about 10%. They inferred that these rocks were melted in the mantle 

rather than during transport. The melt (glass) occurred in isolated 
drops rather than intergranular films and they concluded that unsheared 
mantle showed scant permeability to small amounts of liquid. They 

suggested that magma accumulation was unlikely unless the source was in 

a state of flow (a diapir?) and that very small amounts of partial 

melt, 1 - 2 %, were unlikely to collect under any conditions.

Weertman (1971) proposed that the mantle was like a flowing 

glacier and that small pockets of melt could coalesce in this shearing 

environment like air bubbles or water drops in the ice. He suggested 

that the mantle was in horizontal shear as a result of plate tectonic 

processes. Horizontal shear would.foster collection of magmas without 
the need for vertical diapir movement.

Experiments conducted by Arndt (1977) created intergranular 

films of melt rather than isolated drops. Mathematical modeling 

suggested that low degrees of melting produced low flow rates which 

would not be able to move this intergranular fluid from its source. 

However, there exists a critical value of flow rate, which depends on 
both grain size and production rate, that promotes magma escape when 

the degree of partial melting exceeds about 5%. Arndt believed that 

some stress within the magma production zone was necessary to produce
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dilatency zones into which the magma could flow. This "critical value 
of flow rate" threshold for magma collection and movement is important 

in explaining the scatter and episodicity of monogenetic volcanism.
As heat and volatiles are added to the magma zone (MMF), a 

"eutectic- like" melt forms of the lowest melting fractions at grain 
boundaries and junctions (Yoder, 1976). The liquid produced will have 

a uniform compositon regardless of the proportions of the mineral 

phases present until one of the participating phases is exhausted (a 

condition not common at small degrees of partial melting) because melt 

composition is process controlled (Ringwood, 1975; Yoder, 1976). While 

major element compositions are similar almost everywhere as noted by 
Schwarzer and Rogers (1974), the minor and trace element concentrations 

will differ from field to field because of the nature of the enrichment 

process. If "each plume is a plum" (in the usage of Church and 

Tatsumoto (1975)) and the mantle is heterogeneous on a large scale, 

differences between zones are to be expected. If, on the other hand, 

the upper mantle LVZ is more or less all metasomatized as suggested by 

Anderson (1981 a,b), the degree or nature of the metasomatism need not 

be uniform. Van Kooten (1980) showed that magmas of quite different 

incompatible element (K) content could be generated in a limited area.
When the "segregation threshold" is reached in a particular 

site, the magma moves away from its source and collects into a body of 

primary magma. The body is less dense than its surroundings and will 

rise to a level where it is neutrally buoyant, probably at or near the 

base of the crust (Fedotov, 1976 b). Some primary magmas rise directly 

through the crust without pause to become volcanoes (Frey and others,
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1978), while others are held within the mantle where they differentiate 

by fractional crystallization. Initially, for these magmas, the 

pressure within the chamber is hydrostatic and equals the average 

stress within the surrounding rock (a condition of neutral buoyancy).

As fractional crystallization proceeds, the contained volatiles are 

concentrated in the remaining liquid until it becomes saturated and 

volatile pressure equals total pressure. Further fractionation causes 

the volatile pressure to exceed the enveloping stress. It is this 
concentration of volatiles which provides the overpressure necessary to 

fracture the magma body envelope and initiate rise through the crust.

Evidence for a free gas phase in a Mantle Magma Factory can be 

found in mantle peridotites and the material carried up by the magma. 

Roedder (1965) found bubbles of liquid COg within grains of olivine in 

mantle peridotite nodules. The tubular voids common in Pinacate 

plagioclase megacrysts were attributed by Gutmann (1974) to gas bubble 

nucleation on the growing megacryst. Gutmann suggested that these 

crystals grew rapidly, in a matter of hours, within the rising magma 
column at relatively low pressure. However, most are compositionally 

uniform and lack concentric zoning which seems to suggest that the 

constituents of the crystal were delivered to the growing crystal face 

in uniform proportions for uniform growth, a more likely process in a 

magma chamber than in a rapidly rising and cooling magma column. 
Similar aligned bubbles have been found in aluminous clinopyroxene 
megacrysts which form only at mantle depths (Ringwood, 1975). While 

none have been found at Pinacate, a 4 cm megacryst was collected from 

alkali olivine basalt in the San Bernardino Volcanic Field (Lynch,



167

1973). A few of the Pinacate kaersutite megacrysts have bubbles but 

they are random and not aligned and cannot be clearly distinguished 

from corrosion pits.

Once the magma body envelope is fractured, the magma will rise 
subject to the crustal stress constraints noted by Fedotov (1976a) and 
Nakamura (1977). The dike (crack) will dilate the rock in the plane of 

the maximum (assumed to be vertical) and intermediate principal 

stresses as long as the internal pressure exceeds the minimum stress. 
The crack will propagate because dilation against the minimum stress 

produces tension in the rock directly ahead of the leading edge.

Anderson and Grew (1977) suggest that gas might be the most 

important factor in opening a conduit. The physical constraints on 

crack formation and magma migration are so great that probably few 

magmas ever reach the surface and that, of those that are able to 
create a conduit, most of the magma remains unerupted. They note that 

the crucial problem in magma transport is maintaining conditions within 

the forming conduit to prevent the magma from solidifying. If the 

crack is too narrow or the magma velocity too slow, the magma will 

freeze. The gas can move rapidly because of its low viscosity re

gardless of temperature. In addition to simple physical wedging of 
the fracture, the crack could be partially propagated by stress 

corrosion of the rock as a result of chemical activity within this 

leading gas phase. This suggestion fits neatly with the model 

provision that gas overpressure is the mechanism which initiates

conduit formation
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The magma will flow until the pressure upon the conduit matches 

chamber pressure. This will result in slowing and subsequent freezing 

of the column at any place, even at the top (see the discussion of 

Tecolote cone - Chapter 4). If the magma body which produced the 

eruption is small ( 1 - 1 0  cubic km), even though magma remains to 

differentiate further, this particular body is never again able to 

generate sufficient gas pressure to create another conduit to the 

surface. It will create one monogenetic volcano whose lavas are not 
related to the lavas of any other monogenetic volcanoes by direct 

fractionation, only by uniformity of the magma generating process and 

the compositon of the source.
Polygenetic volcanoes like Santa Clara are created by repeated 

tapping of larger magma bodies. Initial mechanisms are the same except 

that the volume of magma which collects and rises is larger. The 

rarity of such volcanoes (and, by inference, of such large magma 

bodies) may reflect the possibility that the large magma volume 

resulted from the rare coincidence of "segregation threshold" over a 

relatively large volume of source material. In any case, the magma 

similarly rises to the place of neutral buoyancy and begins to 

differentiate. The first eruption results from concentration of 

volatiles in the same manner as with the smaller chambers and the 

eruption is terminated by overpressure relief. However, in contrast to 

the smaller magma bodies, the continued differentiation of the large 
body and/or addition of and mixing with newer, more primitive, magmas 

results in repeated instances of overpressure to allow the progressive 
tapping of the magma body.



169

Lavas of a large, long lived, differentiating magma body will 

tend to follow the same pathway through the upper mantle and crust, and 

will issue from the same site to build a composite volcano. Making an 

assumption that the magma chamber is spherical or tear-drop shaped, the 

gas phase will collect near the top of the chamber and will either 
re-open a previously used conduit or, perhaps more likely, bore another 

conduit very close to an older one. The result is successive eruptions 

from the same surface site which will be the summit of the mountain as 
it is constructed.

Few of the late Neogene volcanic fields are circular and many 

have concentrations of cones in particular areas (like the sinuous 

swath of cones across Pinacate) or along particular lines. Some fields 

have cones lying outside, at some distance from the main body like 

Sentinel Plain. I would speculate that these distribution patterns are 

related to the shape of the plume rather than to specifically weaker 

parts of the crust. Eaton (1980) has concluded that the crust of the 

Basin and Range province is pervasively fractured and there should be 
no reason for a rising magma to flow laterally beneath this kind of 

crust seeking a weakness to exploit.

Z



APPENDIX I

GEOGRAPHY AND ACCESS

Geographic names in the Pinacate region, depicted in Figure 53, 
follow the usage on the Army Map Service Ajo and Sonoyta 1:250,000 

scale topographic maps of the region. Geographic names within the 

Pinacate volcanic field depicted on the figure were culled from earlier 

maps by Hornaday (1908), Lumholtz (1912), Ives (1963), May (1973) and 

Donnelly (1974). I have given names to some previously unnamed 

features of interest to my study.

Worldwide Volcano Locator

Volcanic features are identified by their type and geographic 

locations using minutes of latitude and longitude referenced to 31* N 

latitude and 113* W longitude. This locator system uses a 4 digit

number of minutes followed by a letter if more than 1 cone lies within

a the minute quadrangle block. MC 5422 is the only maar crater within 

the block 31* 54' N, 113* 22' W. CC 3345c is the third cinder cone in
its block defined by a raster (back and forth) scan from the upper

right corner. Cones exactly on minute grid lines are assigned to the 

block north or west of the line. For convenience, cones north of 32* N 
have leading designators above 60, i.e., TR 6628 is Diaz tuff ring.

This locator system is applicable to any volcanic field in the world 

and allows locations to be traced on any map with a geographic grid.
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Map and Photographic coverage

The largest scale topographic maps of the field generally 
available are the AMS 1:250,000 scale Sonoyta and Ajo sheets. The most 

detailed map is Donnelly's (1974) geologic map at a nominal scale of 

1:62,500 available (with some difficulty) on interlibrary loan from 
Stanford University. Permission to copy this map must be requested 

from them when borrowing his dissertation.
Field locations were determined from this map which I gridded 

with a one minute latitude and longitude grid using Donnelly's marks at 

15 minute intervals. Positions within this unsurveyed grid are precise 

to ± 50 m relative to the grid. Actual geographic positions are 
probably no more accurate than ± 500 m.

Pinacate was photographed in color from the Skylab spacecraft 

on several passes. The best photographs are on Skylab 4 roll 92 frames 

358 and 359. Roll 76 from the same flight has wide angle coverage on 

frames 85-87. Skylab 3 roll 86 has coverage of the western part of the 

field and the Gran Desierto on frames 5-9. ERTS images are of much 
lower resolution.

Low altitude aerial photography of the field, formerly 

restricted, is now available from the Army Map Service, "CE", 
Washington, D.C., as Mexico-U.S. Areas I and II - Project 164, Contract 

Nr. DA 49-018 Eng. 1471, Flown Sept. - Oct. 1956.
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Access

Mexican highway 2, the Trans-Mexican highway from Baja 

California, crosses the northern part of the field, and highway 8 from 

Sonoyta to Puerto Penasco passes east of it. Both roads are paved but 

are narrow and carry fast traffic. "Pinacate" intersection (Plena's 

mine road) is 50 km (33 miles) west of Sonoyta on highway 2 and the 
Pemex station at Los Vidrios is 8 km further on. The west side road 

intersection is another 10.7 km west of Los Vidrios. Ejido Nayarit, 

southern terminus of the east side road, is 51 km (32 miles) south of 
Sonoyta on highway 8.

The "main" roads off highways 2 and 8 are depicted in Figure 

53. These roads are well traveled and generally in good condition 

except during periods of inclement weather. High clearance vehicles 

are necessary in most places although standard passenger cars can 
travel the eastern road with relatively little difficulty. Secondary 
roads range from good to barely passable. Many are old woodcutters 

tracks which cannot always be traced. The traveler should always be 

aware that the dust blown in from the western desert is soft and can 

trap even the most sophisticated 4-wheel drive vehicle. Desert travel 

is easy, but there are no marked trails.



APPENDIX II

EXPERIMENTAL TECHNIQUES

Sample Collection and Initial Preparation*
Samples were collected from the massive, vesicle free flow 

centers where possible. Most were procured by dislodging a boulder 

larger than 50 cm diameter from the outcrop and dismembering it with a 

large sledge hammer. The resulting fragments were picked free of 

discolored material and bagged.

Samples in the laboratory were first crushed in a large jaw 
crusher to 2-3 cm size and further hand picked to remove the last 

traces of discolored material. The remaining fragments were crushed in 

a roller crusher to about 3 mm size. Samples solely for chemical 

analysis were then leached in 10% phosphoric acid to remove caliche and 

pulverized in a steel shatter box to -400 mesh. Samples for age 

determinations were further reduced in a flat plate grinder and sieved 
to -100 +150 mesh.
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“Whole rock" age determinations*

Sieved samples were washed to remove dust, floated in heavy 
liquid SG 2.95 to remove heavy, potassium-free minerals like olivine 

and pyroxene and sunk in heavy liquid SG 2.65 to remove clays and 

glass. After washing and drying, the sample was run through the Frantz 

magnetic separator to separate composite feldspar- pyroxene groundmass 
grains from phenocryst fragments which were discarded. The composite 

concentrate was leached for 10 minutes in 5% HF to remove the last 
traces of glass and clay from the grains. We have found that this step 

reduces the air correction substantially. After splitting, one aliquot 

was pulverized to -400 mesh for K analysis.

Potassium was determined in triplicate by atomic absorbtion 

techniques. Three splits of about 100 mg each were dissolved in 

hydrofluoric acid in a sulfuric acid matrix. The sulfate mud remaining 

after 8 hours on the hotplate was dissolved in water, transferred to a 

200 ml volumetric flask and brought to volume buffered with 1500 ppm Na 

to reduce ionization in the flame, added as NaCl solution in the 
flask. The potassium content of each sample was determined by 

comparison to prepared potassium salt solutions which contain the same 

concentrations of sulfate and NaCl. Each analysis set contained the 

three samples, a laboratory standard rock and potassium salt solutions 

of higher and lower concentration to bracket the samples. An analysis 

consisted of 6 passes through the set for 6 spot determinations. The 
analysis was repeated if the relative error on any 6 point data set 

exceeded 1.5%, if the difference between the highest and lowest values

/
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for the 3 sample solutions was greater than 1.5% of the mean or if the 

determined value for the laboratory standard rock differed from the 
accepted value by more than 2%.

Argon was analyzed by isotope dilution techniques using a Nier 

design 6 inch radius mass spectrometer with a GAC-SPC-16 computer 
driven magnetic field switching between peaks. The sample was fused 

and the evolved gas "spiked" with a precisely known volume of 

38-Argon. The gas was cleaned of its "non-argon" components using 

zeolite molecular selves, copper oxide and titanium foil furnaces and, 

finally, a Sorbac "getter" to remove the last traces of reactive 

components. The clean sample was split into 2 or 3 aliquots which were 

analyzed independently. After the sample was introduced into the mass 

spectrometer, the masses 36, 38 and 40 were measured 40 times and the 

resulting measurements were time regressed to T= 0, the time of gas 
introduction. Atmospheric argon was determined by multiplying 36-Argon 

by the machine air ratio and the resulting 40-Argon was subtracted from 

the total. Age was determined using the constants of Steiger and Yager 
(1978).

Strontium Isotope Analysis.

Strontium isotopes were analyzed using a Neir design 6 inch 
radius solid source mass spectrometer with computer controlled magnetic 

field switching between peaks. The rock samples were weighed into 

teflon cruicibles and some were "spiked" with a solution of enriched 

84-Strontium for Sr determination by isotope dilution. The rock 

powders were dissolved in HF, the fluorides dried to drive off the
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unused acid and then taken into solution in 6N HC1. After a second 

drying, the samples were taken into solution in 2.5N HC1, centrifuged 

to remove insoluble complex fluorides and loaded onto ion exchange 

columns containing 25 ml of Dowex AG-50W-X8 sulfonated polystyrene- 
divinylbenzene resin. After passage and discarding of 80 ml of 2.5 N 
acid, the next 25 ml containing the Strontium were retained. Almost 

all accompanying rubidium is removed in the initial discarded 

aliquant. The columns are conditioned between separations by washing 

through with 50 ml of 6 N HC1 then twice drawing the resin up into the 

cup atop the column to equillibrate with 2.5 N acid.

The Strontium fraction was evaporated in a 250 ml Vycor beaker, 
transferred in minimum acid to a 5 ml beaker, evaported and stored.

For filament loading, the sample was taken into solution in 2 drops of 

4 times distilled water and evaported onto the two side filaments of a 

rhenium triple filament assembly. After loading the assembly into the 

mass spectrometer, it was "burned" at low power for an hour or so to 
remove the last traces of rubidium. The computer measured masses 84 

through 89 using 85 and 89 as background for 25 passes per data set. 

Twenty five data sets constitute a composite.

Theoretical statistical considerations predict that the 

standard deviation of the mean should be the standard deviation of any 

data set divided by the square root of N (Young, 1962). However, 

treating the means of each of several composites as data points, 
computing the standard deviation of the mean of that "grand data set" 

shows more scatter than predicted. We have determined empirically that 

the actual precision is lower by a factor of 3 than the computed
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standard deviation of the grand mean. Reported precisions (Tables 2 

and 10) were adjusted accordingly. E&A standard strontium carbonate 

was analyzed 9 times between May of 1979 and July of 1980. The mean of 

8 of those analyses was 0.70799 + 0.00009 in the range 0.70788 to 

0.70813 (one set was rejected). The accepted value is 0.70800.

Whole Rock Chemistry.
Chemical analyses of the rocks were made by a combination of 

the methods of Medlin and others (1969) and Shapiro (1975). A fusion 
was made by first mixing 0.2000 g of powdered rock with 1 g lithium 

metaborate in a carbon cruicible. Samples were fused at 1000' C for 10 

minutes and the glowing bead was dumped into 100 ml of 3% HN03 on a 

stirring plate. The fritted glass dissolved in 5 - 10 minutes and the 

resulting solution was made to 200 ml in a volumetric flask to yield 

1000 ppm "rock" in solution. This stock was diluted to bring the 

various element concentrations into the proper range for Atomic 

absorbtion analysis.

Elements Buffer Dil. Pecision

Ca,Mg,Fe,Mn 1000 ppm Sr 1/10 3 %
Na, K 500 ppm Li 1/20 2 %
Al, Si none stock 5 %, 2 %

P205 and Ti02 were determined to within 3% precision using the 
colorimetric techniques of Shapiro (1975).
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A separate solution for trace element analysis was prepared by 
dissolving 0.500 g of rock in hydrofluoric acid using perchloric acid 

to supress formation of complex Ca-Al fluorides. The trace elements 

were thus diluted to parts per billion in solution creating some 
problems with detection limits. Relative to concentrations in the 
rocks, detection limits were 2 ppm for Cu and 5 ppm for Ni with a 
precision of 3-5%.

X-ray fluorescence techniques were used to determine Rb, Sr, Y, 

Zr and Nb to a precision of 5%. The data was reduced using a 

proprietary computer program developed by Prof. Arend Meijer to correct 

for inter- element interferences Rb-Y, Sr-Zr and Y-Nb.
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APPENDIX III 

SPECIMEN DATA

This section tabulates data for samples collected during this 

project. All analytical work was done by D.J. Lynch by techniques 
discussed in Appendix B, unless otherwise indicated. Positions were 

determined from M.F. Donnelly's (1974) map as discussed in Appendix 

A. Normative mineralogy and other petrologic indices were computed 
by "PETCAL", a fortran program written by D.J. Lynch.

Pre-Pinacate rocks........... Nrs. 1 - 13

Santa Clara rocks............ Nrs. 14 - 40
Pinacate rocks Nrs. 41 - 53



180

NUMBER 1
SAMPLE 750236 CODE OMA K-Trachybasalt of Mesita Andesita

LAT. 32 01.00 N LONG. 113 23.20 W

LOCATION DESCRIPTION: MESITA ANDESITA - Mesa of older appearing
volcanic rock north of Highway 2. Sample from the roadcut in 
the southeastern ridge extension about 2 km west of Riena 
road intersection.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 58.70 OR 23.36 WO 4.95
TI02 1.00 AB 43.33 EN 7.10
AL203 16.90 AN 12.37 FS 3.62
FE203 1.96 CO .19 MT 2.05
FEO 3.99 QZ 1.63 IL 1.39
MNO .12
MGO 2.57
CAO 4.98
NA20 4.82
K20 3.95
P205

TOTAL 99.44 80.88 19.12

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .491

TRACE ELEMENTS: Sr 595.4 ID

STRONTIUM ISOTOPE RATIO: 0.7067 ± 0.0004 (Ser 117)
KUNO SOLIDIFICATION INDEX: 14.76 
DIFFERENTIATION INDEX: 68.33
MG NUMBER 53.4
COLOR INDEX: 19.

COMMENT: Eroded flow margin identified as "block lava" by Donnelly.
Age 13.35 + 0.32 Ma (Shafiqullah and others, 1980, #131).
The surface is complexly faulted and tilted, the boulder 
armor on the hillside prevents structural analysis.
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NUMBER 2
SAMPLE 731119 CODE RAV THOLEIITIC BASALT - RAVEN BUTTE

LAT. 31 18.7 N LONG. 114 06.3 W

LOCATION DESCRIPTION: RAVEN BUTTE - Sample is from the lot
unit iexposed on the south ridge.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.60 OR 2.64 WO 9.02
TI02 1.20 AB 26.72 EN 20.94
AL203 15.20 AN 22.55 FS 6.06
FE203 4.27 CO 1.96 MT 4.53
FEO 6.68 QZ 3.89 IL 1.70
MNO .17
MGO 7.47
CAO 8.95
NA20 2.93
K20 .44
P205

TOTAL 99.66 57.75 42.25
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .639

KUNO SOLIDIFICATION INDEX: 34.02 
DIFFERENTIATION INDEX: 33.24
MG NUMBER 66.6
COLOR INDEX: 42.

COMMENT: Raven Butte is armored with basalt boulders and appears
from a distance to be solid. The base is Gunnery Range Granite 
covered with 30 m of gruss alluvium beneath the sampled flow.
This flow is separated from the top nine by a 2 m layer of gruss. 
Unpublished age of 11 Ma determined for Woodward McNeil, Assoc.



NUMBER 3
SAMPLE 800412 CODE LAB Calc-Alkaline BASALT

LAT. 31 04.71 N LONG. 114 00.03 W
LOCATION DESCRIPTION: LA JOLLA WASH - Sample of a basalt lag

found atop the granite ridges west of the wash.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.90 OR 4.44 WO 7.81
TI02 1.84 AB 28.88 EN 18.06
AL203 16.40 AN 19.52 FS 4.90
FE203 3.16 CO 3.70 MT 3.35
FEO 6.05 QZ 5.58 AP 1.16
MNO .14 IL 2.60
MGO 6.45
CA0 8.48
NA20 3.17
K20 .74
P205 .34 •

TOTAL 98.67 62.11 37.89

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .522

KUNO SOLIDIFICATION INDEX: 32.72 
DIFFERENTIATION INDEX: 38.90
MG NUMBER 65.5
COLOR INDEX: 38.

COMMENT: This lag of boulders less than 1 m diameter is not
associated with solid flow remnants. It is probably 
related to the Basalt at Mesas de Malpais 15 km to the east.



LOCATION DESCRIPTION: MESAS DE MALPAIS - Sample from the highest
western mesa about 300 m north of Highway 2.

NUMBER 4
SAMPLE 731109 CODE MDM THOLEIITIC BASALT - MESAS DE MALPAIS

LAT. 32 09.8 IN LONG. 113 56.40 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 49.50 OR 1.96 WO 9.48
TI02 1.08 AB 26.27 EN 21.36
AL203 15.50 AN 23.70 - FS 5.82
FE203 4.25 CO 2.43 MT 4.61
FEO 6.51 QZ 2.80 IL 1.56
MNO
MGO 7.46
CAO 9.21
NA20 2.82
K20 .32 \
P205

TOTAL 97.38 57.16 42.84

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .653

TRACE ELEMENTS: Sr 144.9 ID

STRONTIUM ISOTOPE RATIO: 0.7068 + 0.0004 (Ser 98)

KUNO SOLIDIFICATION INDEX: 34.93 
DIFFERENTIATION INDEX: 31.03
MG NUMBER 67.1
COLOR INDEX: 43.
COMMENT: This extensive 3 m thick basalt flow caps both beveled

bedrock and unconsolidated alluvium. Drainage superposed 
through this flow and surrounding mountains shows a general 
denudation of this area after the flow was erupted. K-Ar age - 
10.49 + 0.41 Ma (Shafiqullah and others, 1980, #137).
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LOCATION DESCRIPTION: SIERRA SUVUK - Sample from the southwest
corner adjacent to the abandoned rancho on the summit 
approach road.

MAJOR OXIDE NORMATIVE MINERALS

NUMBER 5
SAMPLE 770131 CODE OTS THOLEIITIC BASALT

LAT. 31 45.11 N LONG. 113 21.45 W

ANAL. SALIC FEMIC
SI02 52.60 OR 5.59 WO 7.88
TI02 1.38 AB 36.17 EN 15.01
AL203 17.60 AN 19.70 FS 3.15
FE203 2.96 CO 3.12 MT 3.12
FEO 4.45 QZ 3.10 AP 1.22
MNO .14 IL 1.94
MGO 5.40
CAO 8.65
NA20 4.00
K20 .94
P205 .36

TOTAL 98.48 67.68 32.32

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .665

STRONTIUM ISOTOPE RATIO: 0.7041 ± 0.0004 (Ser 109)

KUNO SOLIDIFICATION INDEX: 30.18 
DIFFERENTIATION INDEX: 44.86
MG NUMBER 68.4
COLOR INDEX: 32.

COMMENT: This flow caps the autobrecciated andesites of the Sierra
Suvuk. It is not part of the Pinacate lavas but is probably 
contemporaneous with the other surrounding lava flows.



LOCATION DESCRIPTION: SENTINEL PLAIN VOLCANIC FIELD - Sample
from the flow margin south of the Gila River where the 
Agua Caliente Road crosses it.

NUMBER 6
SAMPLE 780901 CODE SPVF ALKALI OLIVINE BASALT

LAT. 32 56.2 N LONG. 113 18.2 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 49.50 OR 5.17 FO 7.59
TI02 1.78 AB 26.80 FA 1.81
AL203 14.75 ' AN 24.07 MT 4.76
FE203 4.58 IL 2.47
FEO 7.19 HY 7.09
MNO .18 DI 20.24
MGO 8.75
CAO 1
NA20 3.00
K20 .88
P205

TOTAL 101.41 56.04 43.96
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .637

KUNO SOLIDIFICATION INDEX: 
DIFFERENTIATION INDEX:
MG NUMBER 
COLOR INDEX:

35.61
31.97
68.5
44.

COMMENT: K-Ar age 3.2 + 0.1 (Eberly and Stanley, 1978)
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LOCATION DESCRIPTION: 0ATMAN MOUNTAIN - Sample from the mesa
edge south of the radar site on the road.

NUMBER 7
SAMPLE 750903 CODE OAT THOLEIITIC BASALT

LAT. 33 03.48 N LONG. 113 09.41 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 54.30 OR 10.82 WO 6.92
TI02 .85 AB 34.37 EN 12.72
AL203 16.60 AN 17.29 FS 4.61
FE203 2.75 CO 2.90 MT 2.99
FEO 4.72 QZ 6.16 IL 1.23
MNO .14
MGO 4.43
CAO 6.70
NA20 3.68
K20 1.76 \
P205

TOTAL 96.46 71.53 28.47
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .582

KUNO SOLIDIFICATION INDEX: 25.34 
DIFFERENTIATION INDEX: 51.34
MG NUMBER 62.6
COLOR INDEX: 28.

COMMENT: Older basalt identified as "Qb" on the Arizona Geologic
Map but is probably related to the nearby, substantially eroded, 
basaltic andesites of the Palo Verde Hills which have K-Ar 
ages between 15 and 26 Ma (Shafiqullah and others, 1980).



LOCATION DESCRIPTION! LA JOLLA WASH - Dike or pipe which cuts 
Gunnery Range Granite east of the wash. Not related to the 
lag basalt LAB.

NUMBER 8
SAMPLE 800509 CODE LAD THOLEIITIC BASALT
LAT. 31 14.4 N LONG. 113 59.2 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.50 OR 4.47 WO 8.67
TI02 .78 AB 24.66 EN 27.74
AL203 15.70 AN 21.68 FS 4.55
FE203 3.13 CO 2.56 MT 3.26
FEO 4.92 QZ .83 AP .50
MNO .14 IL 1.08
MGO 10.10
CAO 9.10
NA20 2.76
K20 .76
P205 .15

TOTAL 99.59 54.20 - 45.80

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .636

KUNO SOLIDIFICATION INDEX! 46.31 
DIFFERENTIATION INDEX: 29.96
MG NUMBER 78.5
COLOR INDEX: 46.

COMMENT: This rock is very fissile and does not appear to be
a basalt in outcrop.
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NUMBER 9

SAMPLE 800501 CODE MSP THOLEIITIC ANDESITE 

LAT. 31 43.72 N LONG. 113 14.05 W

LOCATION DESCRIPTION: MICROONDUS SAN PEDRO - BATAMOTE HILLS
Sample from the highest flow unit on the hill immediately 
below the tower in the road cut.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 52.70 OR 8.17 WO 6.38
TI02 2.22 AB 32.19 EN 12.92
AL203 15.40 AN 15.95 FS 5.14
FE203 4.18 CO 2.77 MT 4.48
FEO 6.95 QZ 7.17 AP 1.66
MNO .17 IL 3.17
MGO 4.57
CAO 7.30
NA20 3.50
K20 1.35
P205 .48

TOTAL 99.60 66.25 33.75

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .602

TRACE ELEMENTS: Sr 421.6 ID

STRONTIUM ISOTOPE RATIO: 0.7066 ± 0.0002 (Ser 147)

KUNO SOLIDIFICATION INDEX: 22.06
DIFFERENTIATION INDEX:
MG NUMBER 
COLOR INDEX:
COMMENT: K-Ar age 12.61

Age Data:
K-Anal. K-used Ar
1.283 1.281 
1.282
1.274
1.283

47.53
54.0
34.

0.27 (UAKA 80-55)

(Mol x 10-12) Air corr. 
28.36 31.1
26.89 31.6
29.02 30.9
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LOCATION DESCRIPTION: PUNTA PENASCO CONE REMNANT - Sample from
the quarry, massive flow material, perhaps the plug.

NUMBER 10
SAMPLE 800503 CODE OPP THOLEIITIC ANDESITE

LAT. 31 15.0 N LONG. 113 32.8 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 54.80 OR 8.69 WO 7.26
TI02 1.06 AB 31.41 EN 14.05
AL203 17.50 AN 18.14 FS 3.72
FE203 2.58 CO 4.10 MT 2.74
FEO 4.36 QZ 7.63 AP .75
MNO .12 IL 1.50
MGO 5.02
CA0 7.68
NA20 3.45
K20 1.45
P205 .22

TOTAL 98.74 69.98 30.02

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .592

TRACE ELEMENTS: Sr 1037.0 ID

STRONTIUM ISOTOPE RATIO: 0.7047 ± 0.0002 (Ser 154)
KUNO SOLIDIFICATION INDEX: 29.55 
DIFFERENTIATION INDEX: 47.73
MG NUMBER 67.2
COLOR INDEX: 30.

COMMENT: This cone has been uncritically associated with the
Pinacate volcanism. The cone remnant consists of a plug with 
a few lava flow remnants and some scoria on the north side. 
K-Ar age is 15.06 + 0.32 (UAKA 80-56)
Data: K-anal. K-used Ar (Mol x 10-12) Air Corr.

1.266 1.269 32.76 25.1
1.261 33.20 24.8
1.262 33.40 24.8
1.287
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LOCATION DESCRIPTION: CABEZA PRIETA PEAK - Southwestern ridge
lowest unit. Sample from a 2 m diameter "clast".

NUMBER 11
SAMPLE 740412 CODE CPL THOLEIITIC ANDESITE AGGLOMERATE

LAT. 32 17.06 N LONG. 113 48.59 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 60.70 OR 10.42 WO 6.05
TI02 .90 AB 32.03 EN 8.77
AL203 17.10 AN 15.13 FS 2.42
FE203 1.69 CO 4.60 MT 1.81
FEO 3.01 QZ 17.48 IL 1.29
UNO .08
MGO 3.10
CAO 5.95
NA20 3.48
K20 1.72
P205

TOTAL 98.07 79.66 20.34

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .561

KUNO SOLIDIFICATION INDEX: 23.70 
DIFFERENTIATION INDEX: 59.93
MG NUMBER 64.7
COLOR INDEX: 20.

COMMENT: Lowest exposed unit of a thick sequence of agglomeratic
andesites which fill a sharp desert topography cut on Gunnery 
Range Granite and older Precambrian rocks. These units strike 
N 35 W and dip 30° NE. K-Ar age of this unit 16.12 + 0.41 Ma 
(Shafiqullah and others, 1980).



LOCATION DESCRIPTION: CABEZA PRIETA PEAK - Second unit, southwest
ridge immediately up slope from GPL.

NUMBER 12
SAMPLE 740409 CODE CPS THOLEIITIC ANDESITE AGGLOMERATE

LAT. 32 17.19 N LONG. 113 48.61 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.80 OR 9.48 WO 6.50
TI02 .66 AB 31.54 EN 7.71
AL203 16.76 AN 16.25 FS 3.41
FE203 1.99 CO 3.88 MT 2.11
FEO 3.55 QZ 18.20 IL .93
MNO .10
MGO 2.75
CAO 6.45
NA20 3.46
K20 1.58
P205

TOTAL 99.50 79.34 20.66
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .560

KUNO SOLIDIFICATION INDEX: 20.48 
DIFFERENTIATION INDEX: 59.22
MG NUMBER 58.0
COLOR INDEX: 21.

COMMENT: Same sequence as CPL
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LOCATION DESCRIPTION: CABEZA PRIETA PEAK - Sample of the dike from
the stream channel gap in the dike at the base of the mountain.

NUMBER 13
SAMPLE 740413 CODE CPD RHYOLITE AGGLOMERATE

LAT. 32 16.62 N LONG. 113 48.83 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 67.20 OR 13.33 WO 4.33
TI02 .40 AB 34.84 • EN 3.04
AL203 16.30 AN 10.82 FS 2.08
FE203 1.11 CO 4.21 MT 1.18
FEO 2.14 QZ 25.59 IL .57
MNO .03
MGO 1.08
CAO 4.27
NA20 3.80
K20 2.21
P205

TOTAL 98.78 88.80 11.20

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .516

KUNO SOLIDIFICATION INDEX: 10.42 
DIFFERENTIATION INDEX: 73.77
MG NUMBER 47.3
COLOR INDEX: 11.

COMMENT: This is the long, sinuous dike which extends southward
from the base of the Peak. It may be a source feeder for the 
volcanic series.



LOCATION DESCRIPTION: LAVA CANYON EAST FLANK - Sample from the
lowest stratigraphic unit beneath the first lava fall about 
200 m from the canyon mouth.

NUMBER 14
SAMPLE 790454 CODE SHA SANTA CLARA ALKALI OLIVINE BASALT

LAT. 31 46.07 N LONG. 113 27.68 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 44.40 OR 8.31 FO 7.22
TI02 3.36 AB 22.99 FA 6.37
AL203 17.20 AN 21.02 MT 1.83
FE203 1.70 CO 2.52 AP 1.84
FEO 11.35 NE 6.28 IL 4.81
MNO .25 DI 16.82
MGO 4.97
CAO 9.38
NA20 3.63
K20 1.37
P205 .53

TOTAL 98.47 61.13 38.87

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 44 AA Ni 22 AA Rb 27 XF Sr 456.7 ID

STRONTIUM ISOTOPE INITIAL RATIO: 0.7034 + 0.0002 (ser 135)

KUNO SOLIDIFICATION INDEX: 
DIFFERENTIATION INDEX:
MG NUMBER 
COLOR INDEX:

21.35 
37.59 
43.8 
39. .

COMMENT: Oldest Santa Clara rock, K-Ar age 1.70 + 0.04



LOCATION DESCRIPTION: EAST FLANK - Sample from the first canyon
south of Lava Canyon, lowest flow.

NUMBER 15
SAMPLE 770130 CODE SHB SANTA CLARA ALKALI OLIVINE BASALT

LAT. 31 46.3 N LONG. 113 27.5 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 48.40 OR 6.43 FO 7.07
TI02 2.37 AB 30.06 FA 6.17
'AL203 16.30 AN 22.01 MT 1.80
FE203 1.70 CO 1.84 AP 1.12
FEO 11.35 IL 3.33
MNO .20 HY 2.56
MGO 5.57 DI 17.61
CAO 9.50
NA20 3.32
K20 1.08
P205 .33
TOTAL 100.45 60.34 39.66
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 10 XF Sr 362 XF

KUNO SOLIDIFICATION INDEX: 23.98
DIFFERENTIATION INDEX: 36.49
MG NUMBER 46.7
COLOR INDEX: 40.



LOCATION DESCRIPTION: EAST FLANK - Sample from the small canyon
north of Lava Canyon, approximately 50 m above the site 
of SMA.

NUMBER 16
SAMPLE 790431 CODE SHC SANTA CLARA HAWAIITE

LAT. 31 46.44 N LONG. 113 27.51 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 47.10 OR 6.94 FO 7.51
TI02 1.92 AB 25.38 FA 6.01
AL203 16.00 AN 24.58 MT 1.60
FE203 1.49 CO .31 AP 1.04
FEO 9.92 NE 4.21 IL 2.76
MNO .22 DI 19.66
MGO 5.44
CAO 10.25
NA20 3.50
K20 1.14
P205 .30

TOTAL 97.57 61.41 38.59

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 100 AA Ni 85 AA Rb 7.5 XF Sr 336 XF
KUNO SOLIDIFICATION INDEX: 25.05 
DIFFERENTIATION INDEX: 36.53
MG NUMBER 49.4
COLOR INDEX: 39.

COMMENT: This hawaiite is stratigraphically above a more
differentiated mugearite (SMA).
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LOCATION DESCRIPTION: EAST FLANK - Sample from Lava Canyon above
the first lava fall about 30 m below the second.

NUMBER 17
SAMPLE 780309 CODE SHD SANTA CLARA HAWAIITE

LAT. 31 46.15 N LONG. 113 27.90 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 46.70 OR 7.47 FO 6.67
TI02 3.25 AB 32.30 FA 6.03
AL203 16.10 AN 19.31 MT 1.84
FE203 1.71 CO 2.39 AP 2.08
FEO 11.40 IL 4.65
MNO .19 HY 1.82
MGO 4.90 DI 15.45
CAO 8.85
NA20 3.50
K20 1.23
P205 .60

TOTAL 98.76 61.46 38.54
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

KUNO SOLIDIFICATION INDEX: 21.37
DIFFERENTIATION INDEX: 39.76
MG NUMBER 43.4
COLOR INDEX: 39.
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LOCATION DESCRIPTION: EAST FLANK - Lowest exposed flow from
the small canyon north of Lava Canyon. This outcrop is 
occasionally buried in cinder washed from above.

NUMBER 18
SAMPLE 790456 CODE SMA SANTA CLARA MUGEARITE

LAT. 31 46.40 N LONG. 113 27.45 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 53.20 OR 5.33 WO 9.78
TI02 1.08 AB 37.40 EN 7.69
AL203 19.60 AN 24.44 FS 6.61
FE203 .82 CO 3.37 MT .87
FEO 5.45 QZ 2.48 AP .51
MNO .10 IL 1.52
MG0 2.75
CAO 10.04
NA20 4.11
K20 .89
P205 .15

TOTAL 98.37 73.01 26.99

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 72 AA Ni 77 AA Rb 11 XF Sr 337.9 ID

STRONTIUM ISOTOPE INITIAL RATIO: 0.7032 ± 0.0001

KUNO SOLIDIFICATION INDEX: 19.48 
DIFFERENTIATION INDEX: 45.21
MG NUMBER 47.3
COLOR INDEX: 27.

COMMENT: This lowest Mugearite has a K-Ar age of 1.54 ± 0.06 Ma.



LOCATION DESCRIPTION: LAVA CANYON EAST FLANK - Sample from
the second stratigraphic unit in the bottom of the canyon, 
about 50 m down canyon from SHA.

NUMBER 19
SAMPLE 790452 CODE SMB SANTA CLARA MUGEARITE

LAT. 31 46.08 N LONG. 113 27.71 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 49.50 OR 11.97 FO 7.16
TI02 1.94 ‘ AB 33.85 FA 5.65
AL203 17.30 AN 17.00 MT 1.40
FE203 1.32 CO 2.08 AP 1.27
FEO 8.83 NE 3.27 IL 2.74
MNO .22 DI 13.60
MGO 4.77
CAO 7.55
NA20 4.32 -

K20 2.00
P205 .37

TOTAL 98.43 68.18 31.82

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 40 AA Ni 78 AA Rb 21 XF Sr 423.6 ID
STRONTIUM ISOTOPE INITIAL RATIO: 0.7039 ± 0.0002 (Ser 101)

KUNO SOLIDIFICATION INDEX: 22.23
DIFFERENTIATION INDEX: 49.10
MG NUMBER 49.1
COLOR INDEX: 32.



LOCATION DESCRIPTION: SUMMIT PLATFORM - Sample from amphitheatre
beneath Bighorn Ram Ridge, porphyritic float.

NUMBER 20
SAMPLE 790436 CODE SMC SANTA CLARA MUGEARITE

LAT. 31 46.85 N LONG. 113 29.57 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 52.10 OR 11.60 FO 3.87
TI02 1.96 AB 39.99 FA 4.13
AL203 18.40 AN 17.76 MT 1.26
FE203 1.22 CO 2.51 AP 1.91
FEO 8.10 IL 2.71
MNO .20 HY .07
MGO 3.15 DI 14.21
CAO 8.43
NA20 4.49
K20 1.98
P205 .57
TOTAL 100.89 71.85 28.15

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS:

STRONTIUM ISOTOPE INITIAL RATIO:

KUNO SOLIDIFICATION INDEX: 16.46
DIFFERENTIATION INDEX: 51.59
MG NUMBER 40.9
COLOR INDEX: 28.



200

NUMBER . 21
SAMPLE 790437 CODE SMD SANTA CLARA MOGEARRITE 

LAT. 31 46.87 N LONG. 113 29.62 W •

LOCATION DESCRIPTION: SUMMIT PLATFORM - Amphitheatre below Bighorn
Ram Ridge, lowest stratigraphic unit in short canyon approach to 
the horizontal flow.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 53.00 OR 14.79 FO 5.70
TI02 1.71 AB 42.89 FA 5.67
AL203 17.10 AN 13.01 MT 1.34
FE203 1.29 CO 1.88 AP 1.65
FEO 8.57 IL 2.38
MNO .22 HY .29
MGO 3.76 DI 10.41
CAO 6.30
NA20 4.79
K20 2.51
P205 .49

TOTAL 100.07 72.56 27.44

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 25 AA
KUNO SOLIDIFICATION INDEX:
DIFFERENTIATION INDEX:
MG NUMBER
COLOR INDEX:

Ni 76 AA Rb 31 XF Sr 372 XF
17.79
57.68
43.9
27.
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LOCATION DESCRIPTION: SUMMIT PLATFORM - Amphitheatre beneath Bighorn

NUMBER 22
SAMPLE 780320 CODE SBA SANTA CLARA BENMOREITE

LAT. 31 45.70 N LONG. 113 29.10 W

Ram Ridge. Second stratigraphic unit in the same canyon

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 55.10 OR 20.09 FO 2.65
TI02 1.50 AB 46.94 FA 4.04
AL203 17.50 AN 10.68 MT 1.13
FE203 1.08 CO 1.61 AP 1.19
FEO 7.17 IL 2.11
MNO .15 HY 1.02
MGO 2.02 DI 8.54
CAO 5.01
NA20 5.18
K20 3.37
P205 .35

TOTAL 98.74 79.32 20.68
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 56 XF Sr 269 XF

KUNO SOLIDIFICATION INDEX: 10.65
DIFFERENTIATION INDEX: 67.03
MG NUMBER 33.4
COLOR INDEX: 21.
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LOCATION DESCRIPTION: SUMMIT PLATFORM - BIGHORN RAM RIDGE
Sample from the northeastern corner of the horizontal flow beneath 
the agglomerate and vitrophyre.

NUMBER 23
SAMPLE 790440 CODE SBB SANTA CLARA BENMOREITE
LAT. 31 47.10 N LONG. 113 29.70 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 53.80 OR 18.37 FO 4.18
TI02 1.54 AB 39.00 FA 6.00
AL203 17.50 AN 12.15 MT 1.37
FE203 1.33 CO .88 AP 1.27
FEO 8.86 NE 4.94 IL 2.12
MNO .22 DI 9.72
MGO 2.78
CAO 5.77
NA20 5.33
K20 3.15
P205 .38

TOTAL 100.99 75.35 24.65

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 46 AA Ni 32 AA Rb 46 XF Sr 459.5 ID

STRONTIUM ISOTOPE INITIAL RATIO: 0.7034 ± 0.0002 (Ser 150)

KUNO SOLIDIFICATION INDEX: 12.83
DIFFERENTIATION INDEX: 62.32
MG NUMBER 35.9
COLOR INDEX: 25. \

COMMENT: This Benmoreite with a K-Ar age of 1.15 ± 0.03 Ma was
erupted onto the beveled surface of tilted trachyte flows 
placing it out of "compositional" order.



LOCATION DESCRIPTION: NORTHWEST SUMMIT PLATFORM - Sample from a
prominent canyon south of the ridge extending northward from 
CC 4730A. The site was reached hiking south from a camp 
northwest of the pit crater.

NUMBER 24
SAMPLE 780523 CODE SBC SANTA CLARA BENMOREITE

LAT. 31 47.47 N LONG. 113 30.71 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 55.10 OR 19.75 FO 3.26
TI02 1.56 AB 47.12 FA 4.42
AL203 17.50 AN 10.65 MT 1.11
FE203 1.06 CO 1.52 AP 1.39
FEO 7.08 NE .06 IL 2.18
MNO .17 DI 8.52
MGO 2.22
CAO 5.15
NA20 5.24
K20 3.33
P205 .41
TOTAL 99.13 79.11 20.89
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 52 XF Sr 264 XF

KUNO SOLIDIFICATION INDEX: 11.62
DIFFERENTIATION INDEX: 66.94
MG NUMBER 35.9
COLOR INDEX: 21.



LOCATION DESCRIPTION: SUMMIT PLATFORM - Sample from outcrop in
a gully between CC 4529A and 4529C due south of both Carnegie 
and CC 4629D.

NUMBER 25
SAMPLE 780316 CODE SBD SANTA CLARA BENMOREITE

LAT. 31 45.62 N LONG. 113 29.19 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 57.60 OR 20.31 FO 1.34
TI02 .50 AB 49.88 FA 2.36
AL203 17.80 AN 10.93 MT .93
FE203 .88 CO 1.18 AP .24
FEO 5.88 IL .70
MNO .15 HY 3.38
MGO 1.65 DI 8.75
CAO 4.52
NA20 5.51
K20 3.41 -
P205 .07

TOTAL 98.24 82.31 17.69

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 52 XF Sr 264 XF
KUNO SOLIDIFICATION INDEX: 9.44
DIFFERENTIATION INDEX: 70.19
MG NUMBER 33.4
COLOR INDEX: 18.
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LOCATION DESCRIPTION: EAST FLANK - Sample from the ridgecrest south
of the spatter vents for DU 517 in Lava Canyon.

NUMBER 26
SAMPLE 780304 CODE STA SANTA CLARA TRACHYTE

LAT. 31 46.19 N LONG. 113 28.47 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 56.70 OR 25.83 FO 1.82
TI02 1.22 AB 44.68 FA 3.31
AL203 17.90 AN 8.46 MT .88
FE203 .84 CO .24 AP .71
FEO 5.57 NE 5.60 IL 1.70
MNO .15 DI 6.77
MGO 1.31
CAO 3.85
NA20 6.00
K20 4.36
P205 .21 -

TOTAL 98.38 84.81 15.19

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 20 AA Ni 10 AA Rb 62 XF Sr 192.2 ID

STRONTIUM ISOTOPE INITIAL RATIO: 0.7033 ± 0.0003 (Ser 104)

KUNO SOLIDIFICATION INDEX: 7.19
DIFFERENTIATION INDEX: 76.11
MG NUMBER 29.5
COLOR INDEX: 15.

COMMENT: This soft, massive, porphyritic trachyte is.similar to
the trachyte of the summit wall and other outcrops of the 
summit platform. K-Ar age 1.07
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NUMBER 27
SAMPLE 780524 CODE STB SANTA CLARA TRACHYTE

LAT. 31 4►7.51 N LONG. 113 30.81 W

LOCATION DESCRIPTION: NORTHWEST FLANK - From same canyon as
about 150 m downstream.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 60.30 OR 25.29 WO 2.41
TI02 .49 AB 53.92 EN 1.63
AL203 18.20 AN 6.02 FS 6.66
FE203 .74 CO 1.67 MT .77
FEO 4.91 QZ .70 AP .24
MNO .15 IL .68
MGO .59
CAO 2.57
NA20 5.99
K20 4.27
P205 .07
TOTAL 98.53 87.60 - 12.40

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 80.5 XF Sr 195.5 XF

KUNO SOLIDIFICATION INDEX: 3.54
DIFFERENTIATION INDEX: 79.91
MG NUMBER 17.6
COLOR INDEX: 12.
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LOCATION DESCRIPTION: NORTHWEST FLANK - Amphitheatre south of
CC 4830 and 4831. Site reached from the camp northwest of 
the pit crater.

NUMBER 28
SAMPLE 780519 CODE STC SANTA CLARA TRACHYTE

LAT. 31 47.95 N LONG. 113 30.84 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 6 OR 34.13 FO .49
TI02 .57 AB 45.52 FA 2.94
AL203 17.80 AN 3.49 MT .75
FE203 .73 NE 5.89 AP .27
FEO 4.83 IL .79
MNO .15 DI 5.72
MGO .39
CAO 2.33
NA20 6.21
K20 5.82
P205 .08

TOTAL 99.18 89.04 10.96

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 81 XF Sr 70 XF

KUNO SOLIDIFICATION INDEX: 2.15
DIFFERENTIATION INDEX: 85.55
MG NUMBER 12.6
COLOR INDEX: 11.

COMMENT: This rock forms a wall of thin-bedded flow units which
dip 15° NW from the summit platform. The rock is soft and appears 
much like poorly welded ash flow tuff.
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NUMBER 29
SAMPLE 790450 CODE STD SANTA CLARA SILVER TRACHYTE

LAT. 31 46.20 N LONG. 113 27.11 W

LOCATION DESCRIPTION: EAST FLANK, ON THE PIEDMONT - Outcrop is
on the flat piedmont east of the slope break in the open area 
between flows 514 and 517 on a line between the Red Cone (the 
camp) and the mouth of Lava Canyon.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 62.90 OR 28.86 WO 2.82
TI02 .50 AB 52.47 EN .58
AL203 15.50 AN 1.60 FS 9.56
FE203 1.03 QZ 2.27 MT 1.07
FEO 6.86 AP .07
MNO .23 IL .70
MGO .21
CAO 1.79
NA20 5.85
K20 4.89
P205 .02

TOTAL 100.15 85.20 14.80

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 5 AA Ni 6 AA Rb 95 XF Sr 40.2 ID

KUNO SOLIDIFICATION INDEX: 1.10
DIFFERENTIATION INDEX: 83.60
MG NUMBER 5.2
COLOR INDEX: 15.

COMMENT: This outcrop is the lowest elevation of any Santa Clara
rock. The K-Ar age is 1.14 + 0.03.
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LOCATION DESCRIPTION: SUMMIT PLATFORM - Amphitheathre beneath Bighorn
Ram Ridge, highest flow in the approach canyon (See SMD).

NUMBER 30
SAMPLE 790439 CODE STE SANTA CLARA TRACHTYE

LAT. 31 46.88 N LONG. 113 29.70 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.60 OR 31.77 FO .48
TI02 .61 AB 53.97 FA 2.62
AL203 17.70 AN 4.13 MT .71
FE203 .69 CO .30 AP .63
FEO 4.59 IL .84
MNO .14 HY 1.23
MGO .40 DI 3.31
CAO 2.09
NA20 6.08
K20 5.44
P205 1 s

TOTAL 99.78 90.18 9.82

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 75 XF Sr 57 XF

KUNO SOLIDIFICATION INDEX: 2.31
DIFFERENTIATION INDEX: 85.74
MG NUMBER 13.5
COLOR INDEX: 10.

COMMENT: This massive, greenish-brown flow unit dips northward 15o.
It is compositionally out of place beneath Benmoreite B.
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LOCATION DESCRIPTION: EAST FLANK - LAVA CANYON. Highest flow in 
the canyon, forms the ridge on the south near the canyon mouth.

NUMBER 31
SAMPLE 790455 CODE STF SANTA CLARA TRACHYTE

LAT. 31 46.50 N LONG. 113 27.65 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 62.90 OR 30.53 WO 2.70
TI02 .49 AB 54.65 • EN .41
AL203 15.70 QZ .09 FS 8.30
FE203 .86 AC 1.97
FEO 5.72 MT .15
MNO .18 AP .50
MGO .15 IL .68
CAO 1.69
NA20 6.40
K20 5.20
P205 .15
TOTAL 99.76 85.28 14.72

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 9 AA Ni 8 AA Rb 105 XF Sr 5? XF

STRONTIUM ISOTOPE INITIAL RATIO:

KUNO SOLIDIFICATION INDEX: .81
DIFFERENTIATION INDEX: 85.28
MG NUMBER 4.5
COLOR INDEX: 15.



211

LOCATION DESCRIPTION: SUMMIT PLATFORM - Amphitheatre beneath Bighorn
Ram Ridge. Middle flow between SMC and STE.

NUMBER 32
SAMPLE 790438 CODE STG SANTA CLARA TRACHYTE

LAT. 31 46.89 N LONG. 113 29.68 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.70 OR 31.77 FO .40
TI02 .58 AB 51.85 FA 1.96
AL203 17.40 AN 2.71 MT .67
FE203 .65 NE 2.91 IL .80
FEO 4.30 DI 6.94
MNO .10
MGO .41
CAO 2.32
NA20 6.39
K20 5.44
P205

TOTAL 99.53 89.24 10.76
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 67 XF Sr 58 XF

KUNO SOLIDIFICATION INDEX: 2.37
DIFFERENTIATION INDEX: 86.53
MG NUMBER 14.5
COLOR INDEX: 11.
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LOCATION DESCRIPTION: SUMMIT PLATFORM - BIGHORN RAM RIDGE.
This vitrophyre flow forms the narrow crest of the ridge, sample 
is from the northernmost end.

NUMBER 33
SAMPLE 790442 CODE STH SANTA CLARA TRACHYTE VITROPHYRE

LAT. 31 47.00 N . LONG. 113 29.83 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.50 OR 30.28 FO .89
TI02 .49 AB 54.32 FA 3.97
AL203 18.60 AN 2.61 MT .72
FE203 .71 CO .79 AP .56
FEO 4.71 NE 3.11 IL .67
MNO .12 DI 2.09
MGO .51
CAO 1.44
NA20 6.80
K20 5.26
P205 .17

TOTAL 100.58 91.11 8.89

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Cu 15 AA Ni 6 AA Rb 103 XF Sr 18.7 ID

STRONTIUM ISOTOPE INITIAL RATIO: Grouhdmass 0.7038 ± 0.0002
Feldspar 0.7037 ± 0.0001

KUNO SOLIDIFICATION INDEX: 2.82
DIFFERENTIATION INDEX: 87.71
MG NUMBER 16.2
COLOR INDEX: 9.

COMMENT: This vitrophyre appears to be a welded tuff. It is a layer
less than 1 m thick above a massive agglomerate unit which rests 
atop the horizontal SBB flow. The vitrophyre flow dips 15° north, 
away from the summit. It is probably the last of the Santa Clara 
lavas.



LOCATION DESCRIPTION: EAST FLANK - LAVA CANYON Silver trachyte
float in the lower canyon, source not found.

NUMBER 34
SAMPLE 790453 CODE STI SANTA CLARA TRACHYTE

LAT. 31 46.51 N LONG. 113 27.62 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 62.80 OR 30.29 WO 2.73
TI02 .52 AB 54.02 EN .50
AL203 15.30 QZ 2.58 FS 7.82
FE203 .79 AC 2.24
FEO 5.30 AP .17
MNO .17 IL .73
MGO .18 NM .06
CAO 1.47
NA20 6.28
K20 5.08
P205 .05

TOTAL 98.24 86.89 14.26

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 111.4 XF Sr 6? XF

KUNO SOLIDIFICATION INDEX: 1.01
DIFFERENTIATION INDEX: 86.89
MG NUMBER 5.7
COLOR INDEX: 14.
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LOCATION DESCRIPTION: EAST FLANK - Sample from the canyon south of
Lava Canyon approximately 500 m up slope from the canyon mouth.

NUMBER 35
SAMPLE 770129 CODE STJ SANTA CLARA TRACHYTE

LAT. 31 45.96 N LONG. 113 27.62 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 63.10 OR 30.39 WO 3.02
TI02 .50 AB 54.34 EN .58
AL203 15.60 QZ .70 FS 8.14
FE203 .86 AC 1.48
FEO 5.70 MT .34
MNO .17 AP .34
MGO .21 IL .69
CAO 1.74
NA20 6.29
K20 5.17
P205 .10

TOTAL 99.76 85.43 . 14.57
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 99.1 XF Sr 8 XF

STRONTIUM ISOTOPE INITIAL RATIO:

KUNO SOLIDIFICATION INDEX: 1.14
DIFFERENTIATION INDEX: 85.43
MG NUMBER 6.2
COLOR INDEX: 15.

COMMENT: This rock is silver-grey on a fresh surface but weathers
red-brown. It may be related to STD.



215
NUMBER 36

SAMPLE 760104 CODE STK SANTA CLARA TRACHYTE

LAT. 31 46.20 N LONG. 113 29.00 W

LOCATION DESCRIPTION: SUMMIT PLATFORM - The outcrop is southwest
Carnegie, south of the trail. It is completely surrounded by
cinder.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC

' SI02 58.00 OR 25.63 FO 1.89
TI02 1.25 AB 49.30 FA 3.49
AL203 17.50 AN 7.15 MT .87
FE203 .84 CO .11 AP .81
FEO 5.57 NE 3.30 IL 1.74
MNO .14 DI 5.72
MGO - 1.28
CAO 3.40
NA20 6.12
K20 4.35
P205 .24

TOTAL 98.97 85.49 14.51

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 62.6 XF Sr 185 XF
KUNO SOLIDIFICATION INDEX: 7.00
DIFFERENTIATION INDEX: 78.23
MG NUMBER 29.1
COLOR INDEX: 15.

COMMENT: This massive, porphyritic trachyte has the same appearance
as the rock of the Trachyte Wall.



NUMBER 37
SAMPLE CODE 770123 STL 

LAT. 31 M N LONG. 113 M W 

LOCATION DESCRIPTION:

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 58.80 OR 24.49 FO .83
TI02 .99 AB 52.24 FA 1.73
AL203 17.90 AN 5.93 MT .88
FE203 .85 CO 1.62 AP 1.67
FEO 5.67 IL 1.36
MNO .13 HY 4.49
MGO 1.22 DI 4.74
CAO 3.48
NA20 5.88
K20 4.19
P205 .50

TOTAL 99.90 84.29 15.71

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS:

STRONTIUM ISOTOPE INITIAL RATIO:

KUNO SOLIDIFICATION INDEX: 6.80
DIFFERENTIATION INDEX: 76.74
MG NUMBER 27.7
COLOR INDEX: 16.



LOCATION DESCRIPTION! This rock forms the ridge which extends 
north from Pinacate Peak.

NUMBER 38
SAMPLE 770124 CODE STM SANTA CLARA TRACHYTE

LAT. 31 46.62 N LONG. 113 29.87 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.30 OR 32.83 FO .35
TI02 .53 AB 51.23 FA 3.30
AL203 17.20 AN 1.42 MT .80
FE203 .78 NE 3.57 AP .30
FEO 5.18 IL .73
UNO .13 DI 5.45
MGO .27
CAO 1.87
NA20 6.44
K20 5.62
P205 .09

TOTAL 99.70 89.06 10.94

IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 86 XF Sr 37 XF

KUNO SOLIDIFICATION INDEX: 1.47
DIFFERENTIATION INDEX: 87.63
MG NUMBER 8.5
COLOR INDEX: 11.
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LOCATION DESCRIPTION: Sample from the base of the massive trachyte
wall which forms the east side of Pinacate Peak.

NUMBER 39
SAMPLE 770126 CODE STN SANTA CLARA TRACHYTE - TRACHYTE WALL

LAT. 31 36.45 N LONG. 113 29.82 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 60.40 OR 28.23 FO .64
TI02 .50 AB 55.73 FA 2.87
AL203 19.30 AN 4.90 MT .65
FE203 .62 CO 2.14 AP .23
FEO 4.16 NE .00 IL .69
MNO .10 DI 3.92
MGO .44
CAO 2.14
NA20 6.26
K20 4.82
P205 .07
TOTAL 99.04 91.01 8.99
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

TRACE ELEMENTS: Rb 69 XF Sr 223 XF

KUNO SOLIDIFICATION INDEX: 2.68
DIFFERENTIATION INDEX: 83.97
MG NUMBER 15.9
COLOR INDEX: 9.

COMMENT: This anomalously leucocratic rock with its hollow pheno-
crysts first attracted my attention on a rapid ascent of the 
peak in 1976. A reconnaissance chemical analysis revealed its 
trachytic nature and led to this whole project. This is the 
"Discovery Rock".



LOCATION DESCRIPTION: EAST FLANK - Outcrop is in the small
canyon south of 514 canyon approximately 400 m up slope from 
the slope break.

NUMBER 40
SAMPLE 790433 CODE STO SANTA CLARA TRACHYTE

LAT. 31 46.48 N LONG. 113 27.75 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 61.90 OR 31.49 FO .50
TI02 .55 AB 52.43 FA 3.48
AL203 18.00 AN 4.30 MT .75
FE203 .73 NE 2.16 AP .23
FEO 4.86 . IL .75
MNO .15 DI 3.91
MGO .34
CAO 2.04
NA20 6.38
K20 5.45
P205 .07

TOTAL 100.73 90.38 9.62
IRON REDISTRIBUTED TO A FERRIC/FERROUS RATIO OF: .150

KUNO SOLIDIFICATION INDEX: 1.90
DIFFERENTIATION INDEX: 86.08
MG NUMBER 11.1
COLOR INDEX: 10.
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NUMBER 41

SAMPLE 790422 CODE PCE PINACATE BASALT
LAT. 31 55.09 N LONG. 113 18.37 W ALT 160 M

LOCATION DESCRIPTION: CERRO COLORADO MAAR CRATER - FLOW EXPOSED
IN THE NORTH SIDE.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 48.50 OR 10.70 FO 9.37
TI02 2.06 AB 29.04 FA 5.71
AL203 15.90 AN 18.95 MT 1.43
FE203 1.34 CO .45 AP 1.20
FEO 8.94 NE 5.06 IL 2.92
UNO .16 DI 15.16
MGO 6.12
CAO 8.25
NA20 4.10
K20 1.78
P205 .35 -

TOTAL 98.51 64.21 35.79

TRACE ELEMENTS: Cu 57 AA Ni 115 AA
STRONTIUM ISOTOPE INITIAL RATIO: 0.7034 t 0.0003 (ser 111)

KUNO SOLIDIFICATION INDEX: 27.27 
DIFFERENTIATION INDEX: 44.80 
MG NUMBER 54.9
COMMENT: This flow was cut by the steam blast eruption but is older 

than the crater.
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LOCATION DESCRIPTION: FLOW FROM CC 6128 EXPOSED IN A ROADCUT
5.5 KM WEST OF LOS VIDRIOS ON HIGHWAY 2.

NUMBER 42
SAMPLE 771107 CODE PLV PINACATE BASALT

LAT. 31 02.71 N LONG. 113 28.38 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 46.70 OR 8.87 FO 7.21
TI02 2.61 AB 32.89 FA 6.21
AL203 16.40 AN 18.44 MT 1.65
FE203 1.52 CO 2.32 AP 2.45
FEO 10.15 NE 1.45 IL 3.76
MNO .18 DI 14.75
MGO 4.75
CAO 8.67
NA20 3.80
K20 1.45
P205 .70

TOTAL 97.24 63.97 36.03

TRACE ELEMENTS: Cu 33 AA Ni 40 AA Rb 24 XF Sr 485 XF
KUNO SOLIDIFICATION INDEX: 21.74 
DIFFERENTIATION INDEX: 43.21
MG NUMBER 45.5

COMMENT: Donnelly (1974) reported an analysis for this flow which
was similar to some Santa Clara Rocks. This analysis is 
significantly different.



NUMBER 43
SAMPLE 780421 CODE PMC PINACATE BASALT OF MOON CRATER CONE

LAT. 31 45.35 N LONG. 113 41.71 W ALT 100 M

LOCATION DESCRIPTION: CC 4541 IN MOON CRATER MAAR - SAMPLE FROM
A ROOTLESS FLOW EXPOSED ON THE NORTHEAST SIDE ABOUT 15 M ABOVE 
THE PLATA.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 48.20 OR 10.17 FO 11.05
TI02 2.29 AB 23.39 FA 6.12
AL203 15.70 AN 17.81 MT 1.50
FE203 1.46 NE 9.07 AP 1.96
FEO 9.73 IL 3.14
MNO .19 DI 15.79
MGO 7.30
CAO 8.95
NA20 4.36
K20 1.75
P205 .59

TOTAL ***** 60.44 39.56

TRACE ELEMENTS: Rb 38 XF Sr 560 XF
KUNO SOLIDIFICATION INDEX: 29.45 
DIFFERENTIATION INDEX: 42.62
MG NUMBER 57.2

COMMENT: A K-Ar age determination for this cone was in error
probably because of excess argon. The crater is blasted in 
a flow from CC 4639 (Code PWT) which has an age of 0.341 
± 0.069;
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LOCATION DESCRIPTION: DIKE-LIKE PROTRUBERANCE FROM THE LAVA FLOW
ADJACENT TO THE RIM OF MACDOUGAL MAAR ON THE NORTH SIDE BENCH.

NUMBER 44
SAMPLE 770501 CODE PMD PINACATE BASALT DIKE - MACDOUGAL CRATER

LAT. 31 58.90 N LONG. 113 37.57 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 46.90 OR 5.80 FO 9.09

. TI02 2.57 AB 28.66 FA 5.88
AL203 15.10 AN 20.80 MT 1.75
FE203 1.64 CO 1.66 AP 1.80
FEO 10.93 IL 3.66
MNO .18 HY 4.26
MGO 7.00 DI 16.64
CAO 9.30
NA20 3.12
K20 .96
P205 .52
TOTAL 98.52 56.91 43.09

KUNO SOLIDIFICATION INDEX: 29.38 
DIFFERENTIATION INDEX: 34.46
MG NUMBER 53.3

COMMENT: This dike protruded into and deformed the overlying tuff
deposits indicating that it is penecontemporaneous with the tuff. 
The K-Ar age is the age of the MacDougal eruption.

I
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LOCATION DESCRIPTION: ROOTLESS FLOW FROM THE CONE REMNANT CC 4629C
WHICH LIES BETWEEN PINACATE PEAK AND CARNEGIE - THE SAMPLE WAS 
COLLECTED ON THE SOUTH SIDE.

NUMBER 45
SAMPLE 770127 CODE PSM PINACATE BASALT - SUMMIT PLATFORM

LAT. 31 46.35 N LONG. 113 29.61 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 45.80 OR 6.07 FO 14.76
TI02 2.31 AB 25.92 FA 8.79
AL203 13.90 AN 18.58 MT 1.89
FE203 1.78 CO .35 AP 1.68
FEO 11.86 NE 3.81 IL 3.28
UNO .21 DI 14.86
MGO 8.66
CAO 8.40
NA20 3.53
K20 1.01
P205 .49

TOTAL 98.28 54.73 45.27

TRACE ELEMENTS: Rb 30 XF Sr 325 XF

KUNO SOLIDIFICATION INDEX: 32.02 
DIFFERENTIATION INDEX: 35.80 
MG NUMBER 56.6

COMMENT: The state of erosion on ths cone is significantly advanced
relative to flow DU 42 on the adjacent flank. K-Ar age of this 
remnant is 0.410 ± 0.041.
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LOCATION DESCRIPTION: SAMPLE COLLECTED FROM THE BOTTOM OF A STREAM
CHANNEL ON THE ERODED WESTERN PIEDMONT. THE SITE WAS REACHED 
USING A WOODCUTTER ROAD SOUTH FROM RANCHO DE POBRE.

NUMBER 46
SAMPLE 780412 CODE PWA PINACATE BASALT - WEST FLANK

LAT. 31 48.70 N LONG. 113 38.SOW

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.70 OR 13.17 FO 3.92
TI02 2.08 AB 44.39 FA 6.31
AL203 16.00 AN 12.06 MT 1.63
FE203 1.54 CO 1.36 AP 2.74
FEO 10.26 IL 2.94
MNO .28 HY 1.83
MGO 2.78 DI 9.65
CAO 6.50
NA20 4.88
K20 2.20
P205 .80

TOTAL 99.41 70.99 29.01

TRACE ELEMENTS: Cu 28 AA Ni 15 AA Rb 31 XF Sr 428 ID

STRONTIUM ISOTOPE INITIAL RATIO: 0.7032 ± 0.0017 (Ser 109)
KUNO SOLIDIFICATION INDEX: 12.67 
DIFFERENTIATION INDEX: 57.56
MG NUMBER 32.6

COMMENT: This flow unit is covered by another which has no
primary features on its surface. Age of this flow is 
1.099 ± 0.030



LOCATION DESCRIPTION: MASSIVE PLUG OF BASALT ABOUT 1 KM WEST OF
THE WOODCUTTER ROAD USED TO FIND PWA.

NUMBER 47
SAMPLE 780417 CODE PWB PINACATE BASALT - WEST FLANK

LAT. 31 49.42 N LONG. 113 39.43 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.30 OR 12.93 FO 4.45
TI02 2.22 AB 41.13 FA 6.69
AL203 16.00 AN 14.46 MT 1.65
FE203 1.56 CO .69 AP 2.05
FEO 10.37 NE 1.25 IL 3.13
MNO .22 DI 11.57
MGO 2.95
CAO 7.03
NA20 4.75
K20 2.16
P205 .60

TOTAL 99.55 70.45 29.55

TRACE ELEMENTS: Rb 34 XF Sr 423 XF

KUNO SOLIDIFICATION INDEX: 13.40 
DIFFERENTIATION INDEX: 55.30
MG NUMBER 33.6

COMMENT: This massive plug of basalt appears to be the remnant
* of an old cone. K-Ar age 0.995 ± 0.029,
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NUMBER 48

SAMPLE 780422 CODE PWT PINACATE BASALT OF CC 4639

LAT. 31 45.87 N LONG. 113 39.20 W
LOCATION DESCRIPTION: SAMPLE FROM A TUMULUS ON THE FLOW SOUTH

THE CONE NEAR THE ROAD FROM MOON CRATER TO CHIVO TANK

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 51.40 OR 12.33 FO 8.17
TI02 2.08 AB 34.25 FA 3.73
AL203 16.20 AN 18.39 MT 1.09
FE203 1.03 NE 3.24 AP 1.05
FEO 6.90 IL 2.91
MNO .13 DI 14.85
MGO 5.77
CAO 8.08
NA20 4.40
K20 2.08
P205 .31 -

TOTAL 98.63 68.21 31.79

KUNO SOLIDIFICATION INDEX: 28.41 
DIFFERENTIATION INDEX: 49.82 
MG NUMBER 59.9

COMMENT: This is the flow into which Moon Crater is blasted, 
K-Ar age is 0.341 ± 0.069

l



LOCATION DESCRIPTION: THIS LAVA FLOW MANTLES THE EAST FLANK
FROM THE SUMMIT PLATFORM ONTO THE EAST PIEDMONT. THE 
SAMPLE WAS COLLECTED FROM AN ERODED EDGE IN THE STREAM 
CHANNEL DIRECTLY SOUTH OF THE MOUTH OF "LAVA CANYON" WHICH 
CONTAINS DU 517.

NUMBER 49
SAMPLE 780318 CODE P42 PINACATE BASALT - EAST FLANK DU 42

LAT. 31 45.59 N LONG. 113 27.29 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 47.60 OR 8.16 FO 13.45
TI02 2.34 AB 27.06 FA 6.72
AL203 14.70 AN 19.38 MT 1.58
FE203 1.51 CO .50 AP 2.06
FEO 10.03 NE 2.32 IL 3.26
MNO .19 DI 15.50
MGO 8.36
CAO 9.10
NA20 3.44
K20 1.38
P205 .61

TOTAL 99.56 57.42 42.58

TRACE ELEMENTS: Cu 54 AA Ni 175 AA Rb 26 XF Sr 449.8 ID
STRONTIUM ISOTOPE INITIAL RATIO: 0.7036 + 0.0003 (Ser 108)

KUNO SOLIDIFICATION INDEX: 33.56 
DIFFERENTIATION INDEX: 37.54 
MG NUMBER 59.8

COMMENT: K-Ar age 0.876 ± 0.029
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LOCATION DESCRIPTION: FLOW DIFFERENTIATED DIKE IN GUTMANN'S CONE
SAMPLE FROM THE BASE OF THE DIKE WHERE THE TRAIL TO THE BOTTOM 
CROSSES IT.

NUMBER 50
SAMPLE 790424 CODE FED PINACATE BASALT - ELEGANTE DIKE

LAT. 31 50.00 N LONG. 113 23.00 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 48.83 OR 5.29 FO 6.46
TI02 2.04 AB 30.36 FA 3.01
AL203 18.72 AN 25.19 MT 1.87
FE203 1.80 CO 2.84 AP 1.14
FEO 7.20 NE .86 IL 2.83
MNO .13 DI 20.15
MGO 5.64
CAO 10.93
NA20 3.56
K20 .90
P205 .34

TOTAL ***** 64.53 35.47

STRONTIUM ISOTOPE INITIAL RATIO: Groundmass 0.7033 + 0.0001 Ser 110
Feldspar 0.7035 + 0.0001 Ser 109

KUNO SOLIDIFICATION INDEX: 29.33 
DIFFERENTIATION INDEX: 36.51 
MG NUMBER 58.3

COMMENT: Analysis from Gutoann (1973).
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LOCATION DESCRIPTION: Lowest flow exposed in the east wall of Elegante
Crater. Site approximately 30 m north of the feeder pipe PES.

NUMBER 51
SAMPLE 761102 CODE PEL ELEGANTE LOWEST

LAT. 31 50.70 N LONG. 113 22.80 W

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 47.24 OR 9.88 FO 6.44
TI02 3.39 AB 36.53 FA 5.79
AL203 15.58 AN 16.51 MT 2.93
FE203 2.72 CO 1.68 AP 2.06
FEO 10.86 IL 4.88
MHO .21 HY .09
MGO 4.25 DI 13.21
CAO 7.70
NA20 3.94
K20 1.62
P205 .59
TOTAL 98.75 64.60 35.40

KUNO SOLIDIFICATION INDEX: 18.01 
DIFFERENTIATION INDEX: 46.42 
MG NUMBER 41.1

COMMENT: Analysis from Gutmann (1973)
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NUMBER 52
SAMPLE 761103 CODE PEP FEEDER PIPE FOR GUTMANN'S CONE

LAT. 31 50.68 N LONG. 113 22.80 W
LOCATION DESCRIPTION: Sample from the north side 3 m above the lowest

exposure of the outcrop.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 49.82 OR 5.80 FO 4.63
TI02 2.27 AB 31.05 FA 2.55
AL203 15.75 AN 21.22 MT 2.40
FE203 2.29 CO 1.38 AP 1.29
FEO 9.15 IL 3.17
MNO .23 HY 9.55
MGO 6.43 DI 16.97
CAO 9.34
NA20 3.45
K20 .98
P205 .38

TOTAL 59.45 40.55

KUNO SOLIDIFICATION INDEX: 28.54 
DIFFERENTIATION INDEX: 36.85 
MG NUMBER 55.6

COMMENT: Analysis from Gutmann (1973)
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NUMBER 53

SAMPLE 780201 CODE PET TOP FLOW ELEGANTE 

LAT. 31 51.12 N LONG: 113 23.50 W

LOCATION DESCRIPTION: Base of the tuff ring on the inner wall below
the overlook road end.

MAJOR OXIDE NORMATIVE MINERALS
ANAL. SALIC FEMIC
SI02 46.80 OR 7.19 FO 7.59
TI02 2.90 AB 29.47 FA 5.16
AL203 17.20 AN 20.12 MT 2.65
FE203 2.52 CO 2.26 AP 1.70
FEO 10.07 NE 3.71 IL 4.06
MNO .18 DI 16.09
MGO 5.37
CAO 9.13
NA20 3.95
K20 1.21
P205 .50

TOTAL 62.75 37.25

RUNG SOLIDIFICATION INDEX: 23.05 
DIFFERENTIATION INDEX: 40.37 
MG NUMBER 48.7

COMMENT: This flow is contemporaneous with the tuff eruption.
Analysis from Gutmann (1973).
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