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All photographs in this article were taken by D.). Lynch, except where noted.

_Carnegi~iiC;()I1~inJ>il1acilte.This relatively young pyroclastic cone,
.constrlJ9~d.()nt~e.edge()ftheVolcan Santa Clara summit platform, has a

varietY8ftypicalands()rneunique features. Its last lava flows (center and
left), eruptedfrornafissure atthe base of the cone after cinder production
had stoPP~cl; it has a pahoehoe surface above the slope break and a
c1inkeryaasurfase~elow it. The cinder-covered flows on the loy;er right
were probably erupted before, and perhaps during, the cone construc-

tion. Directly above them is a hummocky debris flow which was once the
northern wall of the cone. This wall was partially rebuilt after its collapse.
Both the earlier and later lava flows have lava levees where the outer part
of the flow congealed from cooling and the hot, liquid interior continued
to move downslope. Behind Carnegie to the right is a wall of the whitish
trachyte of Santa Clara, one of the most differentiated alkaline rocks in the
region.
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Volcanoes have been an important part of Arizona's
geologic story since the state's first rocks were formed
almost 2 billion years ago. Rocks of volcanic origin constitute nearly a third of the bedrock area, as depicted on the
geologic map of Arizona. * These lava rocks are hard and
persist as part of the geologic record for billions of years;
but the volcanoes-those hills and mountains built around
vents from the interior by the eruptions of molten lava and
gas-are fragile and are usually destroyed by erosion in
only a few millions of years. For this reason, Arizona has few
volcanoes (recognizable landforms of volcanic construction) relative to its vast areas of volcanic rock and these
landforms are almost all younger than 6 million years. The
following narrative is a brief explanation of some of the
processes that created these young volcanoes.
VOLCANIC FIELDS OF ARIZONA
AND ITS BORDERLANDS
Figure 1 shows the distribution of Plio-Pleistocene age
(younger than 6 million years) volcanic rock in Arizona. The
areas depicted are actually fields of volcanoes and lava
flows. Two things seem obvious from this map: the volcanism was not widely distributed across the state but was
restricted to small and limited areas, and the location of
these "volcanic fields" appears to bear no simple relationship to the geologic province boundaries. From this, it has
been inferred by the writer that magma genesis is localized
and that the processes responsible for the differences
*Geologic Map of Arizona, prepared by the Arizona Bureau of Geology

and Mineral Technology and the U.S. Geological Survey (1969).
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between geologic provinces have had little or no effect on
the sites of magma generation.
The most obvious criterion for classifying young volcanoes is size-Arizona has large volcanic mountains and
small volcanic hills. These volcanoes are different in many
aspects other than size because of the effects that magma
composition has on mode of eruption and volcano size.
Lava that erupts from a volcano is called magma while it is
still within the earth. Arizona's small volcanoes are monogenetic, that is, each was the product of a single eruption
which probably lasted no more than a few months. The
large volcanic mountains-composite, polygenetic volcanoes-are found in only two of the area's volcanic fields,
Pinacate (primarily in northern Sonora, extending into
southern Arizona), and San Francisco Peaks, along with the
smaller volcanic hills. These large volcanoes were created
by successive eruptions through the same conduit over
time periods approaching a million years.
Rocks in the small volcanoes are mainly basalts in a
limited compositional range whereas rocks of the large
volcanoes are part of rock series of differing but related
compositions. Higher rocks in each series are} in a sense}
direct descendants of the rocks below. This relationship
demonstrates systematic changes in the magmas that were
erupted to construct the volcanoes. Beneath each volcano
is the magma generating} transport} and storage system
which ultimately determines the size and shape of that
volcano. A volcanologist considers this system to be the
most important part of the volcano because it is a window
into the interior of the earth.
Lava rocks occur in a wide variety of compositional types._
Two of the most important compositional variables are
silica (Si0 2) and the sum of the alkalies (Na20 + K 20). See
Figure 2. Different rock types can be distinguished using
these criteria alone, although the definition of each type
depends on many more variables. The diagram shows the
two main differentiation trends} each of which starts with a
different type of basalt magma (Figure 2).
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Figure 1. Distribution of Plio-Pleistocene age volcanic rocks in Arizona
and its borderlands. Each of the areas depicted is a field of volcanoes and
lava flows, erupted within the past 6 million years. Triangles indicate
composite, polygenetic volcanic mountains.

The parental magma of Arizona}s volcanoes} large and
small} is basaltic. Basalt magma is generated in the mantle}
the layer beneath the crust} where rock is heated sufficiently to break the bonds which hold atoms in crystal
lattices. Once bonds are broken} the loose atoms form a
sort of "ionic soup" which is capable of flowing through
cracks in the rock. The most probable source of Arizona}s
basaltic magma is peridotite, a rock composed mainly of
olivine and pyroxene at depths greater than 50 kilometers
in the mantle. In this environment, both temperature and
pressure are high. Heat causes the ions to vibrate vigorously in their crystal lattices} but the pressure serves to hold
them in place. Melting can occur either when heat is added
or pressure is reduced. Growing evidence indicates that
most basaltic magmas are generated by plumes of water
and carbon dioxide diffusing into the upper mantle from
beneath. The water and carbon dioxide become "volatile"
constituents of the magma and} because they are mostly _
excluded from the structures of crystallizing minerals} they"
readily escape from the magma as gas during an eruption.
When melting occurs, the first-formed liquid is relatively
rich in these volatiles and in elements of large ionic radius
(N,t K) 1<;.0,_ Zr for example) which do not fit particularly well
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Stresses in the mantle-source region force the liquid out
of cracks between mineral grains and collect it into a
coherent, movable body which rises slowly. Magma in this

body remains liquid at high temperature because bonds
between ions cannot form, or those that do form are short
lived. As the magma body rises toward the surface and
cools, different kinds of bonds become permanent as the
temperature changes and crystals form in the melt. The
strongest bonds, those in high-melting point minerals like
olivine and pyroxene, form first, and the less energetic
bonds of the feldspars form later at lower temperatures.
With only minor cooling after rising away from the source
zone, most magmas become a crystal-liquid "stew" and, on
eruption, yield a rock which is porphyritic, composed of
large crystals (phenocrysts) in a matrix of small crystals
formed of the rapidly cooled liquid.
In the magma chamber (the space occupied by the
magma body), heavier crystals sink out of the magma. This
process of "fractional crystallization" removes some elements, like iron and magnesium, and increases the concentrations of other elements in the remaining liquid
(notably silica and the alkali elements, sodium and potassium) thereby changing the composition of the magma.
Because this process depends on time and heat, a small
body of magma is likely to change little from its primary
composition before a single eruption exhausts it. A large
magma body can feed several eruptions over a long period
of time as the composition of the magma changes. Each
successive eruption produces lava of a composition different from the one before and the compositions follow
the trends illustrated in Figure 2.
Arizona's composite volcanic mountains (the big ones)
were created above large magma bodies by numerous
eruptions as the magma compositions changed through
fractional crystallization. Volcan Santa Clara in Pinacate has
all the members of the alkaline differentiation series with
basalt (the most primitive) at the bottom and trachyte (the
most differentiated) at the top. The San Francisco Mountain volcanic field (see Figure 3) is much more complex

Figure 3. The San Francisco Mountain, seen from the southwest. This
volcano (a composite, polygenetic volcanic mountain), like its counterpart Santa Clara in the Pinacate field, was constructed by successive

eruptions from a differentiating magma beneath it over nearly a million
year time period. Also like Santa Clara, it is surrounded by a field of
monogenetic volcanoes. Photo: Ed Wolfe (USGS).
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Figure 2. Volcanic rock names relative to contents of silica and alkali
oxides for the two differentiation trends found in Arizona composite,
polygenetic volcanoes.

into the tight lattices of mantle minerals. As melting
progresses, smaller ions such as iron, calcium, and magnesium, along with silicon-oxygen groups, are added to the
liquid, diluting concentrations of the other constituents. By
this mechanism, the composition of the "primary" magma
is controlled by the percentage of the source rock that
partially melts. Most petrologists agree that alkali basalts
arise from 5-10 percent partial melting and tholeiites (the
common basalts of flood basalt provinces such as the
Columbia Plateau) are generated by 15-25 percent partial
melting in the mantle.
_DIFFERENTIATION AND THE COMPOSITE
VOLCANO TYPE
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than Santa Clara. There are several centers of differentiated
volcanism on the largest mountain, and the lavas appear to
have come from several different magma batches, possibly
differentiating sequentially in the same site. The magmas in
the two different volcanic fields followed different paths of
fractionation because the primary magma was generated
by different degrees of partial melting and, perhaps also,
because the sites of fractionation were at different depths.
The compositional change on differentiation that most
affects the mechanical behavior of the magma is the
relative increase of silica. Semipermanent bonds form
between the silicon-oxygen tetrahedra (the basic building
blocks of silicate minerals) to create long chain polymers
which increase the viscosity of the melt. Silica-poor magmas, like basalt, have many iron or magnesium ions that
combine with the silica to prevent long chain polymers
from forming. As differentiation progresses, iron and
magnesium are removed and silicon is concentrated,
improving the conditions for polymer formation and
increasing the viscosity.
Magma viscosity controls both the ability of the magma
to flow through the conduit and on the surface, as well as
effecting the magma's explosivity. Highly viscous magmas
show plastic or sometimes brittle behavior as they move,
and they do not permit dissolved volatiles to escape easily.
On eruption, if the volatile content is not excessive, these
lavas tend to break into angular fragments and the "flows"
move as glowing landslides and cool to become agglomerate (a volcanic rock which consists of welded, unsorted,
angular fragments). Magmas of high-volatile content are
torn into dust in "plinian" style (named for the 79 A.D.
eruption of Vesuvius, described by Pliny the Younger),
highly explosive eruptions, amply illustrated one bright

Figure 4. Eroded volcanoes in Pinacate. The large cone has the characteristic outward-facing cliff left when unconsolidated cinder is removed
from the outer slope and more solid agglutinate remains on the inner
slope. Festoon bands can be seen on the relatively young lava tongue in
the foreground. Dunes of the Gran Desierto can be seen in the
bac:kgrourld west of the cone.
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spring morning in 1980 at Mt. St. Helens. Large volcanoes
are composite because they are fed by large magma bodies
that are differentiating and producing progressively more viscous magmas. These volcanoes usually erupt a mixture •
of lava types from thick, pasty molten rock to agglomerate
to dust and ash flows. Composite volcanoes are more likely
to have explosive eruptions because of the differentiated,
highly viscous magmas produced.
CINDER CONES AND KINDRED
MONOGENETIC VOLCANOES
The monogenetic volcanoes are small pyroclastic cones
(pyroclasts are fragments of fluid lava made by bursting gas
bubbles) with thin lava flows dispersed across singular and
discrete volcanic fields. They were created from small
batches of magma which were collected at different times
and in different places above a broad zone of magma
production. Because the lavas of each volcano come from
separate magma bodies, they are not directly related one to
another, but are of similar composition because the processes of magma generation and early differentiation
produce the same kind of rocks worldwide. The rocks are
either basalts or lower members of differentiation series
(lower left in Figure 2).
Volcano size is limited by the volume of magma available; the shape depends on the amount and mechanical
behavior of gas escaping from the low viscosity lavas during
the eruption. Gas escapes easily from fluid magmas as
bubbles; therefore, eruptions are nonexplosive "strom- . ,
bolian" types, involving cinder jets, fire fountains, and
extrusion of thin lava flows. The cinder jets and fire
fountains construct cones of pyroclastic material around
the vent mouth. Bubbles growing and bursting in the upper
few-hundred meters of liquid in the vent tear the lava into a
whole range of different kinds of pyroclastic material,
depending on the amount and activity of dissolved gas
escaping. Gas activity varies during an eruption because
volatiles are not evenly distributed within an erupting
magma batch. Usually the portion erupted first is volatilerich and the volatile content decreases as the eruption
progresses. However, this is not always the case; occasionally the first magma to reach the surface is volatilepoor, the eruption beginning with a lava flow.
High volatile content causes nucleation of numerous
bubbles which grow by diffusion like the bubbles in soda
pop. So many form that they eventually interfere with one
another, stretching the otherwise low-viscosity magma into
thin skins between bubbles. The resulting liquid-gas mixture has a high "kinematic viscosity", much like merengue
on a lemon pie, and because it is brittle} it breaks into small,
angular fragments-cinders. The larger cinders fall on the
growing cone around the vent but the smaller ones
become caught up in the rising gas cloud and may travel
many kilometers downwind.
In portions of the magma containing less dissolved gas}
the bubbles can grow by coalescence} because fewer form
per unit time. The bursting of these larger bubbles in the ai,
vent mouth propels blobs of lava into the air. The blobs are . .
larger and more dense than cinders and they are at least
partially liquid. These flying} glowing blobs make up the
fire fountains so picturesque in Hawaiian volcanic
eruptions.
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Figure 5. Large and small volcanoes of southern Arizona and northern
Sonora. This unnamed monogenetic volcano in the Pinacate is a typical
pyroclastic cone with its thin, small-area lava flows. The cone wall failed,
probably from the pressure of a rising lava lake inside, and the lava poured

out onto the desert. Volcan Santa Clara, the shield-shaped, composite
volcanic mountain of Pinacate can be seen in the background, about
20 km to the south.

Volcanic bombs are blobs which have cooled sufficiently
in flight to retain their coherence and shape on impact and
do not weld to their neighbors. Blobs hot enough to weld
together form "agglutinate," a relatively solid but porous
mass. Occasional, more violent bursts of gas bubbles
produce "clouds" of blobs which do not cool in flight; the
still-liquid blobs coalesce on the cone slopes to form
"rootless" lava flows (not directly connected to the vent)
which move downslope.
Most cones are not constructed entirely of one type of
pyroclastic material, but instead have layers of differing
consistency. Agglutinate layers and rootless flows are more
resistant to erosion than is cinder. One common shape for
an eroding cone has a cliff at the top (Figure 4) where
unwelded cinder has been stripped away from the outer
slope and the agglutinate (closer to the vent) on the inner
slope, stands as a vertical wall.

magma viscosity. They rarely extend more than a few
kilometers from the cone (Figure 5), although some extend
tens of kilometers from the cone in places where the lava
flows within stream channels and is protected from heat
loss. The vent mouth is an efficient separator of gas from
liquid, so that both flowing lava and pyroclasts can be
produced at the same time. The lava may flow beneath the
cinder wall and appear to issue from the base of the cone or
it may initially pool inside the crater and rise until the
pressure causes the cone wall to break. A cone thus
"breached" during its construction will remain open on
that side. The north flow from Tecolote Cone in Pinacate
rafted large portions of the western cone wall nearly 4
kilometers away from the cone (Figure 6). Most of Arizona's monogenetic cones are open on one side.
The surface of a new flow may be smooth, ropy "pahoehoe" or rough, c1inkery "aa". Almost anyone who has
studied geology is aware of these two "types" of lava but
may not understand that the difference is minimal. Only
one lava compositional type is involved-basalt-and these
surface features are easily removed by weathering. Sharp
spines and edges are eroded, dust and detritus fill the

LAVA FLOWS AND LAVA CONES
The basaltic lava flows that accompany pyroclastic cones
are usually less than 3 meters thick, owing to the low
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Figure 6. Tecolote Cone, perhaps the youngest in Pinacate, was breached
by lava outflow on its western (right) side. The flow in the foreground is

littered with fragments of the wall and piles of cinder deposited atop it as it
flowed outward, carrying them away like a conveyor belt.

surface pits} and eventually the surface (whether it was
originally pahoehoe or aa) is reduced to "round rocks".
This process commonly takes less than a half-million years
and flow surfaces of that age are indistinguishable from
those 20 million years older.
In some rare instances} basalt magma which lacks a
cio'nij:ir"n~ volatile content will erupt without producing
pyroclastic material at any time during the eruption.
wells out of the conduit onto the ground and builds a

broad} low-aspect lava cone (Figure 7) having a diameterto-height ratio of 40 or 50 to 1. Lava cones are most
common in the Sentinel Plain volcanic field west of Gila
Bend.

MAAR eRATERS
Normal basalt magma which would otherwise produce a
common strombolian-style eruption can} under unusual
circumstances} generate substantial steam explosions if the

-
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Figure 7. A low-aspect lava cone in the Sentinel Plain volcanic field. This
field has 15 such cones which have very little pyroclastic material on them.

They were created by effusion of relatively gas-free magma from the
conduit.

magma is able to mix with and exchange its heat into water
Clrthe surface or at a shallow depth in the ground. These
«(bydromagmatic" or "hydrovolcanic" explosions are small
I:>ycomparison with Plinian explosions of high viscosity
magma, but they are much more powerful than the average
strombolian eruption.
t-/ydrovolcanic eruptions create "maar" craters and tuff
l"itl?S, the most distinctive and spectacular landforms to be
()und among monogenetic volcanoes (Figure 8). A maar is

a destructional feature blasted into the pre-eruption land
surface by numerous, repeated explosions. Although it is a
type of caldera in a strict sense, a maar is not created by roof
collapse into a shallow, rapidly evacuated magma chamber.
A tuff ring or tuff cone (like Cerro Colorado-Figure 9) is
constructed around the maar from debris falling out of the
eruption cloud. This cloud is a "fluid system" of steam,
water, chilled basalt glass, and fragments of country rock
from the eruption site. The cloud deposits the solid
material in characteristic high-energy bed forms (Figure 10)
around the maar as it spreads radially outward in what is
commonly called "base surge".
Of the volcanic fields shown on the map (Figure 1), only
Sentinel Plain and those north of the Colorado River lack
hydrovolcanic features. Pinacate has nine such features,
including the most spectacular maar craters on the continent (Figure 8). The Hopi Buttes field was erupted into
Pliocene-age Hopi Lake, resulting in surface landforms that
are maar craters and tuff rings. Subsequent erosion has
reduced much of this field to a series of volcanic necks (Le.,
lava solidified in the conduits) and many of the constructional landforms are gone.
VOLCANOES AND CRUSTAL STRUCTURE

8. Three maar craters of northwest Pinacate. MacDougal is most
t(15 km}, Molina is at lower left and Sykes is in the foreground (1 km
eter). The two triangular dark patches above the solid lava in the far
fSykes are the remains of a cinder cone constructed during effusion
fresh-appearing lava flows seen beneath the soft tuff on the left and
ing into the far distance on the right. The steam eruption which
ted this crater and made the tuff ring was a later phase of the same
olian eruption that made the destroyed cinder cone. This crater is
fi the best examples of the interchangeability of strombolian and
olcanic (steam-blast) eruption styles.

Crustal stresses and crustal structures affect the upward
passage of basalt magma, not its generation. Whereas
volcanic field locations do not seem to be controlled by
crustal structures, a few fields, like Uinkaret, have vents
lined up nearly parallel to the surface traces of normal (Le.,
gravity) faults in the area. Magma can rise to the surface
only when pressure within the magma chamber exceeds
the weakest stress in the rocks surrounding it. Dikes intrude
perpendicular to this "minimum horizontal compression"
direction and normal fault traces are also perpendicular to
this direction. For this reason, both normal faults and
feeder dikes for volcanoes may be parallel on the surface.
This has led to the erroneous conclusion that the faulting is
somehow responsible for the volcanism. Basalt volcanism
and normal faulting may both be the result of processes
active in the mantle, but magma generation takes place at a
far greater depth than faults can penetrate.
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Figure 9. Cerro Colorado Tuff Cone in northeastern Pinacate. This cone is
composed of hydrovolcanic tuff created by the interaction of basalt
magma with ground water. Its interior is actually a shallow maar, which is

VOLCANOES AS HAZARDS
Volcanism in three of the area's volcanic fields is dormant, capable of awakening sometime in the future. The
most recent} dated eruption took place at Sunset Crater in
the San Francisco MOl,lntain volcanic field in 1065 AD
(Carbon-14 and tree ring date). Lavas appearing almost as
fresh as Sunset's Bonito flow are found in Pinacate and
Uinkaret and are probably no more than a few thousand
years old. The rest of Arizona's volcanic fields lack youngappearing features and are possibly extinct} their magma
systems cold. The youngest flows of the composite volcanic
mountains are so old that the big volcanoes are also
probably extinct.
Dormancy is the most common condition in Arizona's
monogenetic volcanic fields. Their typical strombolian
eruptions were of short duration} less than a year} whereas
the recurrence interval was on the order of thousands to
tens of thousands of years.-The next volcanic eruption in
Arizona will most probably be strombolian like the last one.
As such, it will be nowhere near as hazardous as the big Mt.
St. Helens eruption of 1980. It will most probably occur
either in the Pinacate} San Francisco Mountain or Uinkaret
volcanic field and} unless it is in or near Flagstaff (an
unlikely possibility) it will cause little damage or disruption.
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not as spectacular as the others because it has no massive basalt flows to
hold up its walls. The apron around the tuff cone is about 3 km across; Diaz
Playa is beyond to the northwest. Photo: P. Kresan.
Dr. Daniel,. Lynch is a research scientist in the Laboratory of Isotope
Geochemistry at the University of Arizona. A confirmed "volcano freak"
since the age of five, he has worked on the San Bernardino volcanic field in
Cochise County and on the Pinacate volcanic field of Sonora and Yuma
County. Dan relishes the possibility of an eruption in one of Arizona's
dormant volcanic fields but he is not optimistic.
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mantle: Science, v. 213, p. 82-89. Explains generation of basalt magmas by
plumes of water and CO .
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north of the Colorado River.
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Bureau Staff
WELCOME

Dr. Jon E. Spencer began working at the Geological
Survey Branch of the Arizona Bureau of Geology and
Mineral Technology in September 1982. His job will be to
contribute to the basic understanding of the geologic
setting of Arizona, with special attention to the stratigraphic and structural control of mineral and energy
resources. Geologic mapping will be an integral part of Dr.
Spencer's research, as will communicating with geologists
and nongeologists.
Spencer received his B.S. degree in geology from the
University of California at Santa Cruz in 1977 and his Ph.D.
from Massachusetts Institute of Technology in 1981.
Prior to joining the Bureau staff, he worked with the U.S.
Geological Survey as a postdoctoral research associate,
doing geologic mapping in the eastern Mojave Desert,
California.

Graduate Assistant

Figure 10. High-energy bedforms in the Cerro Colorado Tuff. Fine,
laminar beds are mixed with layers of unsorted, coarse material. A cobble
of country rock, tossed as a ballistic projectile out of the explosion site to
the right, made a prominent impact sag in the soft sediment. The scale on
the field book is in centimeters.
Irvine, T.N., and Baragar, W.R.A., 1971. A guide to the chemical
classification of the common volcanic rocks: Canadian )ournal of Earth
Sciences, v. 8, p. 523-548.
Karlstrom, T.l.V., Swann, G.A., and Eastwood, R.l., eds., 1974, Geology
of northern Arizona - area studies and field guides for the Rocky
Mountain section: Geological Society of America meeting, Flagstaff, 2
volumes, 805 p. Articles on the Hopi Buttes and San Francisco Mountain
volcanic fields (out of print).

Lynch, D.)., 1978, The San Bernardino volcanic field of southeastern
Arizona,in, Land of Cochise; Twenty-ninth Field Conference Guidebook:
New Mexico Geological Society, p. 261-268.
Lynch, D.)., 1981, Genesis and geochronology of alkaline volcanism in
the Pinacate volcanic field, northwestern Sonora, Mexico: Unpublished
Ph.D. Dissertation: University of Arizona, Tucson, 248 p.; University
Microfilms Nr. 82-09923.
Schwarzer, R.R., and Rogers, ).).W., 1974, A worldwide comparison of
alkali olivine basalts and their differentiation trends: Earth and Planetary
Sciences Letters, v. 23, p. 286-296.
Shafiqullah, M., Damon, P.E., Lynch, D.)., Reynolds, S.)., Rehrig, W.A.,
and Raymond, R.H., 1980, K-Ar geochronology and geologic history of
southwestern Arizona and adjacent areas: Arizona Geological Society
Digest, V. 12, p. 201, 260. Information on the Sentinel Plain volcanic field.
Sparks, R.S.)., 1978, The dynamics of bubble formation and growth in
magmas: a review and analysis: )ournal of Volcanoes and Geothermal
Research, v. 3, p. 1-37.
Tazieff, H., 1979, Nyiragongo - The Forbidden Volcano: Barron's/
Woodbury Publishers, New York, 287 p. Good book on volcanoes with
excellent photographs of pyroclast formation.

Waters, A.c., and Fisher, R.V., 1970, Maar volcanoes, in, Gilmore, E.H .
._ and Stradling, D., eds., Proceedings of the Second Columbia River Basalt
_Symposium: Eastern Washington State College, Cheney, Washington,
p. 157-170.
Williams, Howel, and McBirney, A.R., 1979, Volcanology: Freeman
Cooper and Sons, San Francisco, 397 p. Best available book on volcanoes.
Yoder, H.S., 1976, Generation of basaltic magma: National Academy of
Science, Washington, D.C., 265 p.
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Each year the Arizona Bureau of Geology and Mineral
Technology awards a part-time assistantship to a person
workil)g toward a Master's degree in geology. The recipient for 1982-1983 is Stephen J. Naruk, a student in the
Department of Geosciences at the University of Arizona,
who will be studying shear strain in metamorphic core
complexes. His advisor is Dr. George Davis. Naruk received
his Bachelor's degree in geology from Yale University.
FAREWELLS

The Bureau's Geothermal Project, funded by the U.S.
Department of Energy, terminated August 31, 1982. Geologists Claudia Stone and James Witcher had worked on the
project since its inception in 1977. Stone had also been
project manager since May 1981. Their work assessing
Arizona's potential geothermal resources has resulted in
two maps that show potential geothermal resource areas, a
bibliography and index of geothermal resources in Arizona, and numerous open-file reports on specific areas or
aspects of potential geothermal resources in the state.
Stone and Witcher have organized a private counsulting
firm in Tucson and will specialize in geothermal resources.
Bette Holt, drafter for the Geothermal Project since April
1979, has returned to the University of Arizona to continue
work toward a degree in Fine Arts. She will be working part
time at the Bureau on another project during October
1982.
Susan DuBois left the Bureau June 30, 1982 and is now a
geotechnical consultant in Rhinelander, Wisconsin. Since
her arrival in September 1978, DuBois completed a catalog
of historic earthquakes in Arizona, a compilation of felt
reports in the state, an earthquake epicenter map, and a
study on the 1887 Sonoran earthquake. Funding from ;these
projects came from the Nuclear Regulatory Commission,
the U.S. Geological Survey (Earthquake Hazard Reduction
Program), and the Arizona Bureau of Geology and Mineral
Technology. Since July 1982, DuBois has been working
under subcontract with the Bureau and the U.S. Geological
Survey to complete a statewide assessment of geologic
hazards.
.
Jenny Laber, drafter at the Bureau since January 1980,'left
June 30, 1982. She will be doing free lance graphics work in
Tucson.
~
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SUBSIDENCE IN NORTHEAST PHOENIX:
by David B. Harmon, Assistant City Engineer
City of Phoenix

A New Problem for Engineers
Two new terms have been added to the vocabulary of
reporters and city engineers in Phoenix: "subsidence"
and "fissure." Simply stated, subsidence is a settlement of
the land and a fissure is a crack in the earth's surface.
There is one area in Phoenix with substantial subsidence;
in the northeast suburb of Paradise Valley, approximately
25 square miles of land have subsided. The area is bounded
on the west by 36th Street, on the north by Bell Road, on the
east by Scottsdale Road (which is also the city limits), and by
the Phoenix Mountains on the south (Figure A). Recent
data indicate the subsidence is spreading north of Bell
Road and east of Scottsdale Road.
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Year
1974
1977
1979*
1982*

Subsidence In Feet
1.09
0.47
0.83
0.82

Average Subsidence
Per Year In Feet
0.11
0.16
0.30
0.35

*Not full years; adjustments made for partial year.
Table 1. Subsidence at Tatum Boulevard and ChoBa Street, Phoenix.
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subsidence of 0.305 feet was recorded at Tatum Boulevard
and Cholla Street. Figure B and Table 1 show this rate of
change.

,"

Two prominent "cones of depression" exist in the area.
One is centered at 56th Street and Thunderbird Road and
the other halfway between Greenway and Bell Roads at
44th Street. At 56th Street and Thunderbird Road, a total
subsidence of 3.44 feet was measured. During the past two
years a rate of 0.35 feet of subsidence per year has been
measured and between January and October 1981, a

Subsidence probably began in the mid-1960s in the
vicinity of 52nd Street and Thunderbird Road. After 1970
the subsidence apparently increased an average rate of two
square miles per year and is continuing to expand to the
north and the east. The rate of subsidence remained
relatively uniform until about 1975; in recent years it has
been increasing rapidly.
Subsidence per se does not usually create specific
problems for individual properties. However, land subsidence can cause a variety of engineering problems. The
first apparent problem involved the vertical control network of bench marks in the area: surveyors were unable to
get leveling circuits to close. Initially, poor surveying
techniques were suspected, but subsidence was later
confirmed.
Other engineering problems occur when surface drainage changes. For example, as the slope of the ground
changes, surface drainage and underground gravity lines
are affected (especially when the ground slope becomes
flatter). Indian Bend Wash is the only major drainage
feature for this large tract of land and it bisects the
subsiding area. The inaccuracy of some "as-built" drawings, along with out-of-date contour maps and other
elevation records, contribute to the engineering problems.
There are few irrigation lines and storm drainage lines,
but the area is heavily gridded with sanitary sewer lines. The
effect that land subsidence will have on the sewer lines is of
primary concern. Large lines were installed into the area
several years ago with certain design slopes and capacities.
Two main systems, one from the west and one from the
southeast, enter this area to drain it. Numerous collection
lines, laterals, and services have been added to these larger
lines.
The area is far from being fully developed, but recent
findings indicate some sanitary sewer lines are reaching
their capacities. Land subsidence is decreasing the land
slope, which is reducing the sewer lines' velocity and
capacity. With less velocity in the sewer lines, the City AI
anticipates maintenance problems because the lines are n o .
longer "self-cleaning." Excessive sewage gases have been
noted at 56th Street and Mountain View, and expensive
countermeasures are being taken (e.g., chemical feeders
are being installed), to handle this unanticipated condition.
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Figure B. Subsidence recorded at 56th Street and Cactus Road, Phoenix,
Arizona; pre-1965 to February 1982.

Another engineering problem associated with land subsidence is the collapse of well casings. Although this
problem has not been researched, officials believe a city
well at 56th Street and Thunderbird collapsed in 1981 as a
result of land subsidence.
The first recorded fissure in the city limits was found after
heavy rains in January 1980. A crack in the ground was
discovered at a construction site in northeast Phoenix near
40th Street and Lupine Avenue, near the outside edge of
the subsidence area (see Figure A). The fissure extended at
least 400 feet in an east-west direction, and was marked by a
hairline crack, small holes, and a lineal opening approximately 15 feet long, 8 feet deep, and 15 inches wide at its
maximum point.
The 40th Street-Lupine Avenue fissure was on private
property under development. The developer ceased work,
and hired consultants to analyze the problem and recommend solutions. The land was replatted to insure that
physical structures would not be placed across the fissure
and several other remedial actions were taken. The land is
now developed and no significant recurrence of the fissure
has been recorded.

GEM
Dean Bibles, State Director of the U.S. Bureau of Land
Management (BLM) for Arizona, announced that a contract was issued to Geoexplorers International of Denver to
prepare a preliminary assessment of the mineral potential
in selected Wilderness Study Areas (WSAs) in New Mexico
and Arizona. The contract, for just over $165,000, includes
900,000 acres in Arizona (Maricopa, Mohave, and Yuma
Counties) and 500,000 acres in New Mexico. The information gathered will be used in the land-use planning phase
of the wilderness study process.
The preliminary studies are not a substitute for the more
detailed, intensive mineral surveys, required by law later in
the review process. The Federal Land Policy and Management Act requires the U.S. Geological Survey and the U.S.
aBureau of Mines to conduct surveys on areas to be
"'ecommended to Congress as suitable for inclusion in the
National Wilderness Preservation System.
The work to be done under contract by Geoexplorers
International in Arizona and New Mexico, part of the
Geology, Energy, and Minerals (GEM) Resource
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Fissures create a high potential for damage of private and
city property. Thus the question arises, "Where will future
fissures occur?". Where one earth fissure has already
formed, it is common for more to form in the future; and if
they do occur, "Can land be developed?"-or perhaps
more to the point-"Can land become undevelopable?".
Undoubtedly these questions must be addressed in the
future.
Engineers are continuing to monitor the subsidence and
watch for new fissures. The City of Phoenix contracted with
Dr. Troy L. Pewe, an Arizona State University (ASU)
Professor in the Department of Geology, to investigate and
report on the "Origin of Land Subsidence and Earth
Fissures in Northeast Phoenix, Arizona." His principal
investigator was Michael K. Larson, also from the ASU
geology department. Many recommendations are presented in the report and include the following:
1.
2.
3.
4.
5.
6.
7.
8.

Expand the surveying to monitor subsidence.
Establish more permanent bench marks.
Run level circuits at least twice a year.
Make detailed surveys to measure vertical and horizontal displacement across the 40th Street-Lupine
Avenue fissure.
Bore exploratory holes to determine material and
hydrologic properties of the subsurface.
Install compaction recorders.
Study other parts of the city to determine if similar
problems may be developing.
Seek cooperation of the city, state, and federal governments and undertake the education of the public
on problems associated with earth fissuring and land
subsidence.

Wide dissemination of the report to public and private
groups is planned, especially to engineers and city
planners. Subsidence and fissures have the potential to
interrupt orderly growth in Arizona, thus creating new
problems for engineers to solve.
~
Assessment Program, will consist of compilation and analysis of all existing, available mineral data in the area.
Similar contracts covering an additional 6.5 million acres
of WSAs have also been awarded in the western U.S.
Dean Bibles was appointed Arizona Director of the U.S. Bureau of Land
Management in July 1982. Bibles came to Phoenix from the BLM's
Washington headquarters, where he was assistant director of land
resources for the last two years. That assignment included management
responsibility for lands, rights-of-way, recreation programs, cultural
resources, wilderness inventory, and the Bureau's Alaska program. He
succeeds Clair Whitlock as chief manager of the 12.5 million acres of
public lands administered by the BLM in Arizona. Whitlock has headed
BLM's Idaho operations since January 1982.
~

LOCAL/REGIONAL EVENTS

New Mexico Geological Society-Annual Field Trip (Albuquerque country), Albuquerque, November 3-6,
1982.
Denver Region Exploration Geologists Society-Meeting
(Genesis of Rocky Mountain ore deposits), Denver,
November 4-5,1982.
Tucson Gem and Mineral Show Committee-29th Annual
Show, Tucson, February 10-13,1983.
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RECENT PAPERS

The 3Sth Annual dSymposiumlbon Soutlhwest.ern Geodlo gy as sponsored b y the M useum. of Nohrth elrln ~rizona on . . .
f owmg papers •
August 27,1982. Drs. E win H. Co ert, Da e Nations, an Stan ey S. Beus co-c h aire d t h e meetmg. Teo
were presented:
Beus, Stanley S.: Student research projects relative to resource management needs in Grand Canyon National Park
(Northern Arizona University).
Hunt, Adrian: Age of the Fruitland and Kirtland Formations of the San Juan Basin (New Mexico Bureau of Mines and
Mineral Resources).
Nations, Dale, and others: The location and stratigraphy of Tertiary Basins in Arizona (Northern Arizona University).
Peirce, H. Wesley: Cenozoic drainage reversal in the Mogollon Rim area: a classic example (Arizona Bureau of Geology
and Mineral Technology).
Schmid, Karl J.: Precambrian geology and vein mineralization of the Cedar areas, east-central Hualapai Mountains,
Mohave Co., Arizona (Northern Arizona University).
Schwab, Karl W.: Organic geochemistry (Geo-Strat, Inc.).
Schwab, Karl W.: Vitrinite reflectance and visual sediments in the Pedregosa Basin (Geo-Strat, Inc.).
Shoemaker, E.M., and others: Search for the fallout plume from Meteor Crater, Arizona (U.S. Geological Survey).
Weisman, Melanie: Milk Ranch Point: a post Paleozoic erosional surface along the Mogollon Rim (Northern Arizona
University).
WI

PROVISIONAL EDITION MAPS
The U.S. Geological Survey's National Mapping Division
has begun producing topographic maps in a modified form
for the remaining areas of the United States not yet mapped
in the 7.S-minute series. These "provisional edition topographic maps" are expected to provide a realistic means for
completing nationwide, large-scale mapping coverage
within the next seven years.
Provisional maps are prepared to National Map Accuracy
Standards and contain essentially the same level of information as shown on standard maps; however, they reflect a
"provisional" rather than a finished map appearance, are
produced at approximately 2S percent less cost, and will be
furnished on a more timely basis than maps produced by
standard methods.
The transition to provisional maps has already begun at
the Western Mapping Center. Generally, projects already
being edited and/or scribed, will be completed as standard
maps. All other projects will be published as provisional
maps, including those initiated in the winter of 1981.
Provisional maps are prepared on a 7.S x 7.S-minute format
at a scale of 1:24,000 or 1:2S,OOO, in English or metric units as
determined under cooperative agreements with the state.
Provisional maps covering Arizona are printed in five
colors: black, brown, blue, green, and red.

The total number of 7.S-minute quadrangles on Arizona
is 1,904. To date, 1,149 (60 percent) have been published;
3S0 additional "T" maps (diazo prints) are- available as advance copies. "T" maps are black and white component
maps made from compiled manuscripts for some of the
published 1S-minute series maps. They were compiled at
standard 7.S-minute, 1:24,OOO-scale specifications, and consist of all features except tints. The "T" maps mayor may not
have undergone final field verification, and were subject to
minor corrections before being assembled, reduced, and
edited as 1S-minute maps. Eventually, these maps will also
be published as either standard or provisional maps.
Presently, there are 279, 7.S-minute quadrangles authorized; 36 will be published as standard maps and 243 as
provisional maps. The remaining 126 quadrangles will be
published as provisional maps.
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