Kotable occurrence

(Numbers refer to localities listed in table 31 and

mentioned in text)

F1gURE 57.—Gypsum in Arizona.
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KYANITE AND RELATED MINERALS
(By G. H. Espenshade, U.S. Geological Survey, Washington, D.C.)

INTRODUCTION

A group of aluminous silicate minerals (kyanite, sillimanite, andalu-
site, dumortierite, and topaz) that eontain about 60 percent alumina
have been used since the 1920’s to manufacture various types of ceramic
materials (Foster, 1960; Klinefelter and Cooper, 1961 ; Cooper, 1965).
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These minerals (known as the kyanite or sillimanite group) are all con-
verted at high temperatures to the compound mullite (3A1:0:2Si0:), a
material that will withstand high temperatures and abrupt temperature
changes. Mullite can also be made from other high-alumina materials,
such as diaspore clay, bauxite, and alumina, if the impurity content is
low; this product. is known as synthetic mullite. Spark-plug insulators
were one of the major products made from minerals of the kyanite
group in the early days. The principal products now are high-tempera-
ture refractories for use in metallurgical and glass furnaces and certain
types of kilns and boilers.

Kyanite has been mined in Arizona, California, Georgia, New
Mexico, North Carolina, South Carolina, and Virginia; andalusite in
California, Nevada, and North Carolina; dumortierite in Nevada;
and topaz in South Carolina. Since about 1950 the entire U. S. pro-
duction has come from four kyanite mines in Georgia, South Carolina,
and Virginia. Before World War 1I, special needs for high-quality
lump kyanite were supplied by imports front India. In recent years
theso necds have been largely met by domestic synthetic mullite.

Records of production, imports, and exports of kyanite minerals
and synthetic mullite, in table 32, show the steady growth and chang-
ing pattern of the industry from initial large imports and small ex-
ports to small imports and large exports at present. The figures for
domestic production of kyanite in recent. years have been withheld to
avoid disclosing individual data of the few producers.

TABLE 32.—U.S. PRODUCTION, IMPORTS, AND EXPORTS OF KYANITE AND SYNTHETIC MULLITE FOR SELECTED
YEARS (SHORT TONS)

Kyanite pro-  Synthetic muliite Kyanite and Kyanite and

duction t production 2 mullite imports 2 mullite exports?

Year:
15,70 0 17,417 941
32,300 18,133 5,013 3,014
38,100 19,021 5,281 3,568
44, 800 29,588 2,624 5,050
36,108 2,386 :

3) 40,049 4,047 10,238
¢ 9, 551 3,405 17,333

t Estimates (Varley, 1965, g 104).
2Y.S. Bureay of Mines, 1953, pp. 1347-1348; 1967, pp. 496-497.
3 Not available.

The kyanite-group minerals occur widely in certain kinds of meta-
morphic rocks (such as micaceous and quartzose schists and gneisses)
and in pegmatites, quartz veins, and placer deposits (Espenshade,
1962). Although these minerals are known at hundreds of places in
large areas of the United States, only a relatively small number of
deposits have them in sufficient abundance and purity to be minable.

KyaniTE-GroUP OCCURRENCES IN ARIZONA

In Arizona all the kyanite-group minerals occur mostly in areas of
Precambrian rocks. According to Galbraith and Brennan (1959), sil-
limanite and andalusite each occur in five counties, kyanite in two
counties, and dumortierite and topaz each in one county and occur-
rences of these minerals are shown on two recent maps of Arizona
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(McCrory and O’Haire, 1961 ; Stipp and others, 1967), from which the

localities shown in figure 49, have been taken. Specific information is

gvailable for only a few of these occurrences, which is summarized
elow.

Sillimanite schist occurs along the Colorado River, about one-half
mile below the mouth of Monument Creek, Coconino County (Camp-
bell, 1936) (fig. 49,locality No.1).

About 38 tons of kyanite was shipped from Squaw Peak, north of
Phoenix, Maricopa County by Nels Anderson of Peoria, Arizona
(Wilson and Roseveare, 1949, p. 43) (locality No. 5). This deposit is
now encompassed by the city limits of Phoenix, so there is little pos-
sibility that it will be worked in the future (S. B. Keith, written
commun., 1968).

Sillimanite occurs in the Hillside Mica Schist along Copper Creek in
the Bagdad area, Yavapai County (Anderson and others, 1955, p. 11)
(locality No.2).

Kyanite, sillimanite, andalusite, dumortierite, and pyrophyllite
occur in quartz-mica schist about 3 miles southwest of Quartzsite, Yuma
County (Wilson, 1929; Duke, 1960, p. 61-64) (locality No. 3). X-ray
analysis of a sample from this deposit by the Arizona Bureau of Mines
indicated only kyanite. Additional tests indicated the kyanite was fine
grained and that it was necessary to grind the material to minus 35
mesh in order to liberate the kyanite, thus suggesting that the deposit
has little if any commercial value (S. B. Keith, written commun., 1968).
Perhaps a few miles west of this locality, a kyanite deposit said to be
about 1,000 feet Jong has been reported 12.1 miles [east] from Blythe,
Calif. (Funnell and Wolfe, 1964, p. 22).

Dumortierite and kyanite also occur in boulders of quartzose schist
along the Colorado River near the former settlement of Clip, Yuma
County (Schaller,1905 ; Wilson, 1933) (locality No.4).

The information available is insufficient to show whether any de-
posits in Arizona are of the size and quality required to have economic
value. Apparently only two deposits (llmve been explored—the one near
Quartzsite, Yuma County (Duke, 1957, p. 61-64), and the kyanite
deposit on Squaw Peak, Maricopa County (Wilson and Roseveare,
1949, p. 43). Promising deposits must be explored thoroughly to deter-
mine 1f quality and size of reserves are adequate to meet the competi-
tion of currently productive deposits in the Southeastern States.
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LIMESTONE, DOLOMITE, AND MARBLE
(By S. B. Keith, Arizona Bureau of Mines, Tucson, Ariz.)

InTRODUCTION

Limestone, dolomite, and marble are calcium and calcium-magnesium
carbonate rocks that are very important and useful to man in the
construction industry and for chemical and industrial use. These rocks
are plentiful and economical to use.

Pure limestone is 100 percent calcite (CaCQO;) and pure dolomite
rock is 100 percent dolomite CaMg(COs;), but in nature these rocks
rarely are pure, as dolomite substitutes for calcite in limestone and
calcite substitutes for the mineral dolomite in dolomite rock. As used
lhere, the names “limestone” and “dolomite” include rocks consisting
of at least 80 percent carbonate, Calcite greatly predominates in lime-
stone and dolomite predominates in dolomite rock. When calcite and
dolomite are present in more equal proportions, the rock is termed a
magnesian limestone,

Trace to small quantities of other metals such as iron and manganese
may replace calcium and magnesium and various amounts of sand,
silt, clay, and organic matter are generally present as impurities. Due
to the various compositions, limestone and dolomite are classed as high
lime or low lime and high magnesia or low magnesia, respectively ; and
as argillaceous or siliceous.

Marble, which is limestone or dolomite that has been recrystallized,
may have the same chemical and mineralogical composition as the
original carbonate rock or it may contain new minerals formed by
the chemical reaction between the carbonates and impurities originally
present or introduced during the recrystallization., Marble is almost
always more coarsely crystalline than the original carbonate rock. The
mineral crystals may be oriented in a parallel direction to make the
rock semitranslucent or at random to give it a dense, opaque appear-
ance. An important physical quality of some marble is its ability to
take a smooth polish.
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Other types of carbonate rocks closely related to Iimestone and
dolomite are marl, a poorly consolidated mixture of carbonates and
clay ; chalk, a fine-grained, powdery, carbonate rock; and travertine or
tufa, a hot- or cold-water calcareous spring deposit. Calciuin carbonate
deposits formed by the precipitation of successive layers of carbonate
in varying colors are called onyx marble or Mexican onyx. Some marl
that occurs in lake bed deposits in central Arizona was tried unsue-
cessfully as o cement additive. In general it is not considered as an
economic mineral resource in the State. No chalk deposits are known
in Arizona. Travertine and onyx marble or Mexican onyx are closely
related in origin and ocenrrence. They are found in numerous localities
in the State, and have been exploited. Their more important occur-
rences are deseribed in “Gem materials” (see p. 357).

Limestones accumulate mainly in relatively shallow seas but a few
originate in fresh-water lakes. Many forms of plant and animal life
absorb lime and form calcium carbonate shell or skeletal structures
whereas others precipitate ealeium carbonate from the sea water dur-
ing their life. lixtensive limestone beds result from the acenmulation
of fragmented skeletal structures or by divect precipitation of calcium
carbonate derived from either lime secreting organisms or from ter-
restial rocks. Subsequent burial under additional sediments causes com-
paction and induration into solid rock. Most dolomite probably forms
by the replacement of some calcium in limestone by magnesium at some
stage in the development of rock,

The carbonate rocks have been used by man since prehistoric time.
They are relatively easy to break, crush, and cut but also are strong
and durable. Calcined limestone, that is, hieat treated to liberate carbon
dioxide (CO.) and form lime (Ca0), makes an excellent mortar and
binder; when carefully caleined with small, correctly proportioned
amounts of alumina, silica and iron, it forms a dry portland cement.
Furthermore, carbonate rocks have many chemical applications-in
various chemical and industrial manufacturing processes.

Limestone and marble dimension stone are used for rough construe-
tion, rough architectural, dressed architectural, and ornamental pur-
poses and for curbing and flageing. Magnesium limestone and dolomite
dimension stone are used mainly for rough construction. Moderate to
large, sound, clean blocks of uniform and attractive texture and color
are required. ICessler (1919, 1927) and the American Society for
Testing and Materials (1967) have developed test methods and specifi-
cations for dimension limestone and marble and many government
agencies and nongoverment construction architects and builders set
their own specifieations.

Crushed and broken limestone, magnesian limestone, dolomite, and
marble are used by many industries. All are used for concrete and road-
stone, riprap, railroad ballast, cast stone, and concrete products, roof-
ing granules, drilling muds, asphalt filler and filter beds, High-calcium
limestone is required for cement rock, lime, alkali manufacture, lime-
stone sand, some glass and paper manufacture, sugar refining, whiting,
mineral food, coal dusting, and calcium carbide. It also is used in some
chemicals and is used for acid neutralization, electrical insulation, dis-
infectant and animal sanitation, in patching plaster, for water treat-
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ment, and as metallurgical flux in copper and lead smelting. High-
magnesian limestone or dolomite is required for dead-burned dolomite,
for agricultural use, in some glass and paper manufacture, refractories,
some chemicals, magnesia and magnesium production, and as metal-
turgical flux in iron and steel production.

There are many other miscellaneous uses of the carbonate rocks. The
physical and chemical specifications for most uses are quite rigid;
some are detailed in the publications of the American Society of Test-
ing and Materials, in publications of trade organizations, and as speci-
fied by individual users of carbonate rock.

Although the carbonate rocks in Arizona are limited to a relatively
few of these uses, the list suggests other possible markets, In general,
only limestone and marble have been used in sizable amounts and dolo-
mite has been used locally as construction stone, cither in dimension or
crushed and broken form. Investigations as to the use of dolomite beds
for industrial purposes, such as a refractory material or a source of
magnesia or magnesium metal, have not lead to commercial produc-
tion because more accessible and economic sources of magnesium were
available elsewhere (Wilson and Roseveare, 1949). Thus, the follow-
ing discussion concerns mainly limestone and marble.

Most of the carbonate rocks are quarried from the surface by various
cutting or breaking methods dictated by the size, type, and quality of
stone required. Iigh quality or special dimension stone may be shipped
long distances in finished or unfinished blocks or slabs because it has
high value. Crushed and broken stone, however, is normally prepared
for market or use close to the quarry site because it has low value and
cannot bear much transportation expense. :

Probpuction Anp Use

The following statistics on the production and use of limestone, dolo-
mite, and marble in the United States and Arizona in 1966 is from the
U.S. Bureau of Mines (1967, p. 578, 579, 586-588) and supplemented
by additional information on Arizona production and use from Arizona
Bureau of Mines file data. The amount of dimension limestone sold or
used for dressed and rough building stone, and stone veneer in the
United States was 728,000 short tons, valued at $18,270,000; none was
produced in Arizona. The amount of dimension marble sold or used in
the United States, more than half as dressed building stone and the
balance as rough architectural and monumental stone, was 83,000 short
tons with a value of more than $14 million. T'wo Arizona producers
sold or used 364 short tons, valued at $6,700. Almost all of it was rough
building stone valued at $6 to $27 per ton, depending on size and qual-
ity, and a small amount was dressed, sawed, or cut for exterior and
interior facing, valued at more than $80 per ton.

Crushed and broken limestone and dolomite are the most important
carbonate rock products. The amount sold or used in the United States
n 1966 was more than 568 million short tons, valued at $776 million.
About 60 percent was used for concrete and roadstone, 17 percent for
portland cement, 6 percent for metallurgical flux, 5 percent for agri-
culture, 3 percent for lime, and 9 percent for miscellaneous uses. In
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Arizona the amount sold or used was 1,590,000 short tons, valued at
$2,262,000. More than 50 percent was used for portland cement, at
about $1 per ton, and more than 25 percent for lime, at about $2 per
ton. Approximately 13 percent was used for metallurgical flux, at
about $1.70 per ton, 1 percent for concrete and roadstone, at about $3
per ton, and the balance for agriculture, mineral food, paper manufac-
ture, and miscellaneous uses, at $3 to $8 per ton.

Crushed and broken marble is used in the United States for concrete
and roadstone, acid neutralization, asphalt filler, cast stone, poultry
grit, roofing chips, stucco, whiting, and terrazzo. The amount sold or
used in the United States in 1966 was 2 million short tons valued at
$22 million. Arizona producers sold or used 22,000 short tons valued
at $272,000. The uses and price per ton for each use were as follows:
roofing granules ($6-$9), stucco ($9), mineral food ($6), terrazzo
($18.50) (,$%1ieca.§ting ($18.75), polyester filler ($6), and general land-
scaping ($8).

Arizona production of these. carbonate rocks rates low compared
with other states (13th of 15 for dimension marble, 9th of 17 for
crushed and broken marble, and 40th of 45 for crushed and broken
limestone and dolomite). Nearly 100 percent of the State’s production
of crushed and broken limestone came from captive quarries and was
used for commercial cement, lime, and copper plants.

Marble was quarried in Arizona prior to 1900. Burchard (1914)
noted that a variety of marbles used for monuments occurred in the
Santa Rita Mountains, Pima County; that a white statutary marble
was found on the northeast side of the Santa Catalina Mountains,
Pima County ; that various colored marbles were known and quarried
on the east side of the Chiricahua Mountains, Cochise County ; and un-
developed marble occurred at the north end of the Dragoon Mountains,
Cochise County, and in northwestern Yuma County. Quarrying of
dimension marble in Arizona has been intermittent, never exceeding
more than one or two thousand tons per year, mainly between 1924
and 1934, and the total output for the 1900-66 period is estimated at
14,000 tons. Dimension limestone production for the same period is
even more erratic and totals only about 20,000 tons.

Crushed and broken marble production in Arizona for the 1900-66
period was 109,000 tons valuexf at $1.7 million. About 80 percent of
the tonnage was produced since 1961 when the output increased to as
much as 22,000 tons per year. The bulk of the carbonate rock produc-
tion was crushed ancll) broken limestone, Figure 58 shows graphically
the apparent annual consumption and value of this rock product
from 1900 to 1954 and actual consumption from 1954 to 1966. The con-
sumption was equivalent, approximately, to production. The total
production for the period is estimated at 22.9 million tons with a
value of more than $28 million, Until 1954 the annual amount of lime-
stone consumed in the cement and lime industries was not reported and
actual production before that date can only be estimated from the
average amount of limestone used to produce the estimated and known
cement and lime turned out for that period. While lime production
has been continuous since 1900, cement production, except for a brief
time in the early 1900’s, did not start until 1949.
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'raure 58.~—Annual tonnage and value of‘limestone consumed and annual ton-
nage of amounts used in portland cement and lime in Arizona, 1900-66.

Commercial production of crushed and broken limestone rock dates
back to at least the 1880’s when lime plants were operating in northern
Yavapai County. By the early 1900’s limestone also was being quar-
ried for copper smelter flux in various localities in the State and for a
short period was used in producing portland cement at a government-
owned plant for the construction of Roosevelt Dam. Limestone pro-
duction fluctuated with the local demands for lime and crushed
limestone for construction and copper metallurgy until 1949 when the
sharp rise in use signaled the start of commercial cement production in
Arizona at Rillito, Pima County, and in 1959, at Clarkdale, Yavapai
County. The peak production in 1961 is related to the Glen Canyon
Dam construction. Table 83 lists the limestone and marble producers
in Arizona in 1966, the products produced, and the formational sources.
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TABLE 83.—Limestone and marble produccrs in Arizona in 1966

County and locatfon

{No. shown in fig. s9) Producer Formational source and products

Apache

Unknown Contractora for I, S, Bur. In- Source unknowm; road material,
dian Affairs.

Cochise County

1, Paul Spur Paul Lime Plant, Inc, Mural Limestone; lime, metallurgical flux,
road material, and mineral food,
Gila
2, 4 mi, N. of Hoopes & Co, Escabrosa Limestone; lime,
Miami
3. Near Hayden Ray mines Div,, Kennecott Escabrosa Limestone; metallurgical flux,
Copper Corp, 1lime, and road material,
Greenlee
4, Morencl Phelps Dodge Corp, Modoc Limeatone; lime, metallurgical flux,
Maricopa
5. Harquahala Mts, Agnes D, Mick, Marmorized Paleozoic limestone; building
atone,
Pima

6, Picacho de Arizona Portland Cement Co, Escabrosa and Naco Group limestones; cement,
Calera Div,, California Portland *

(Ri1lito) Cement Co,

7. N. end Santa Andrada Marble Co. Marmorized Fscabrosa Limestone; roofing
Rita Mts, granules, feed additive, landscaping.

Pinal
8, Camp Grant San Manuel Div,, Magma Copper Escahrosa Limestone; lime, metallurgical flux.
Co.

9. Hewitt Canyon, HcNelce Stone Worka, Marmorized and serpentinized Meacal Limestone;
NE, of dressed, cut and saved, and rough building
Florence Jct, stone,

Yavapai
10, Clarkdale Phoenix Cement Co,, Niv,, Redvall Limestone; cement,
American Cement Corp.
1l. Nelson U, S. Lime Div., The Flintkote Redwall Limestone; lime, paper manufacture,
Co, agriculture, and other miscellaneous uses.
Unknown ltidden valley Stoneyard, Redwall Limestone; road material,
Yuma

5. Harquahala Mts, U. 5, Marble. Harmorized Paleozoic limestone; terrazo,

precasting, roofing granules, stucco,
mineral food, and polyester filler,

SoURCES oF SUPPLY

There arc many sources of limestone, magnesian limestone, dolomite,
and marble in Arizona but only a few have been or can be quarried
for commercial and industrial purposes because of difficult access and
other economic reasons. Table 84 lists the principal limestones and
dolomites in the State with brief notes on their location, thickness,
and character.

The best Arizona limestones for chemical and industrial use are
Mississippian, Pennsylvanian-Permian, and Cretaceous in age. The
two best limestones for overall purity, thickness, and availability over
wide areas are the Escabrosa and Redwall Limestones of Mississippian
age. The former crops out mainly in the folded and faulted mountain
ranges of southeastern Arizona and the latter, generally considered




391

TasLe 34.—Principal lmestone and dolomite in Arizona

General age and
atratigraphic unit

Diatribution hy
county and area

Thickneaa (feet)

Characterintics and remarks
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TABLE 34.—Principal limestone and dolomite in Arizona—Continued

General age and
stratigraphic unit

Distribution by
county and area

Thickness (feet)

Characteristics and remarks

Cenozoic

Verde Formation

Cretaceous

Hural Limestone

Rtighee Group or
Formation

Jurasaic

Todi{lto Limestone
Jurassic and Late

Feassict 2y

Navajo Sandstone

Triasaic

Chinle Formatfon

Permian

Kaibab Limentone

Toroweap Formation

Yavapai; Verde River

valley.

Cochise; §. Hule
Mte. area and in
Huachuca Mts,

Cochise and eastern
Pima; Chirtcahua,
Padregosa,
Feloncillos, and
Whetstone Mts.,
and Perilla Hills,

Apache; Deffance up-
1€t area,

Apache and Navato,

Apache and Navajo,

Coconino, Mohave
and Navalo; ex-
tensive exposures
on Colerado
Plateau.

Coconino, Mohave
and Yavanat; best
exposurea in
Grand Canvon avea.

As rmuch as 2,000,

More than 650,

Var{able, ususlly
relativelv thin,

As auch as 14,

Variable, usually
leas than 4 in
single beds,

2 to & in single
beds.

1 to 570,

As much as 200 {n
sone beds,

Limestone occurs vith varving
amounts of chert and marl f{n
central part of baain area and
fingers outward into more clastic
and sandy faciea towards the
sides, Locally may be of high-
calet{um type and has been quarried
hut generallv not suitable for
comerc{al use,

Lover part consists of interbedded
shale, sandstone, and some thin-
bedded {mpure limestone, Middle
part is massive, high-calcium
limestone with minor clastic con~
atituents, lpper part contains
interbedded shale, sandstone, and
mudstone with -the limestone,
Middle part f{s used for lime and
metallurgical flux,

Limestone heds and lenses {n shale
and sandatone; some may be clean,
high-caleiun rock suitable for
local commercial ume.

Thin-bedded, platy and impure;
doubtful commercial value.

Limestone beds penerally high-
calcium hut generally in thin-
bedded lenses with silica, chert,
and t{asper pods, Locally may be
suitable for lime and cement.

Limeatone beds genersily extensive
but invariably siliceous and
cherty, Suftable only for
apgregate,

Hainly massive, magnesian limestone
and dolomite interbedded with
chert lavers, red heds, gypsum and
thin sandy or ailty limestone. In
general carbonate rocks are in-
creasingly sandv and magnesian to
the east and south except in Fort
Apache Indian Reservation where
1imeatone is relatively clean.
Locally suitable for construction
stone and in Reservation suitable
for chemical and industr{al uses.

Generally masaive, dense, crvstal-
line, magnesian limestone and
dolomite and alternate red beds,
Carbonate rocks hecome ailty and
sandv to east and south with
variable silica content. Mav be
used locally for rough dimension
and aggregate stone,

Permian-~Continued

Rainvalley
Format {on

Concha Limestone

Scherrer Formation

Colina Limestone

Permfan-Pennsylva~
nian

Fort Apache Lime~

stone Member of
Supai Formation

Earp Formation

Naco Pormation

Permian to Missis-
aippian,

Callville Lime-
atone

Pennaylvanian

Horquilla Lime-
stone

Cochise, Pima and
Santa Cruz;
Hustang, Fmpire,
Whetatone Mts, and
other localities,

W, Cochise and E,
Santa Cruz; vari-
ous ranges,

Cochise, Pima, and
Santa Cruz; cropa
out in varfous
ranges,

Cochise and Santa
Cruz; in several
ranges,

Coconino, Gila,
Navajo, and
Yavapai; crops out
along Mogollon Rim
and on Colorado
Plateay in east~
central Ariz,

Cochise, Pima, and
Santa Cruz; local
outcrops in some
ranges,

Gila, Pima, and
Pinal; crops out
in many ranges and
on Colorado
Plateau in east-
central Ariz,

Mohave; Virgin Mts,
and extreme NW,
Ariz,

Cochise, Pima,
Pinal, and Santa
Cruz; crops out
in many isolated
ranges.,

More than 500 in
some hedn,

130 to more than
1,000,

An much as 165 in
asome beds,

535 to 635,

7 to more than 120}
thins to north,
west, and south,

As much as 400 in

some beds,

As much as 50 in
some beds,

277 to 675; wedges
out southward,

520 to 2,115; thins
to north and weat,

Varicolored, medium-bedded 1ime-
atone and dolomite with inter-
bhedded aandstone, Possibly
suitable for aggregate.

Dominantly massive, dark, cherty
limestone, A possible resource
for dimension, agpregate, and
industrial stone.

Sequence of siltastone, {ine-grained
1limestone, and sandstone, Lime-
stone penerally thin bedded and
highly magneafan, Unlikely re-
source but mav be used locally
for aggregate.

Dominantly a dark-gray to black,
dense limestone with beds up to 25
feet thick, May be suitable for
commercial use,

Highly variable with relatively thin,
interbedded, fosailiferous lime-
stone, magnesian limestone,
dolonite, and gypsiferous lime-
stone. Some parta fn Fort Apache
Indian Reservation are high-calcium
stone suitable for chemical, in-
dustrial, and buillding purposes,

Interbedded limestone, magnes{an
limestone, shale, and sandatone,
Suftable only for aggregate,

Contains generally thin-bedded lime-~
stone vith interbedded calcareous
shale and locally abundant chert
nodules, locally high calcium and
nonmagnesian, May {nclude
equivalents af Termisn-Pennsylva-~
nian age limestone listed in table,
Locallv suitable for portland
cement,

Thick-bedded limestone in lower mem=-
ber and grades upward into silty
and cross-bedded, sandy limestone
in upper member, May be suitable
for commercial use but generally
inaccessihle for Arizona use,

Very fine- to medium-grained,
crystalline, locally cherty to
sandy, fosaf{liferous limeatone with
interhedded shale increasingly
ahundant upvard, Prohably suitable
only for aggregate,
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TABLE 34—Principal limestone and dolomite in Arizona—Continued

General age and
scratigraphic unit

Distribution by
county and area

Thickness (feet)

Chnu‘cterhtlcn and remarks

Pennaylvanian~-Min-
sissippian

Black Prince Lime-
stone

Tule Spring Lime-
stone
Misaissippian

Modoc Limestone

Escabrosa Lime-
stone

Redwall Limestone

Devonian

Martin Formation

Temple Butte
Limestone

Ordovician

Pogonip Group

Cochise; Little
Dragoon Mtw, and
other places {n
MW, part of
county,

Greenlee; N, of
Clifton.

Greenlee; Clifton=
Horenci area,

Cochiae, S$, Gila,
Pima, Pinal, and

Santa Cruz; croos
out in many ranges

in SE Arix,

Coconino, Gila,
Mohave, Yavapai,
W, Maricopa,and
N, Yuma (7);
crops out along
Mogollon Rim and

in manv places in

central and NW.
Ariz,

In SE, and central

Ariz. where lower

Paleozolc rocks
are exposed and
traced NW, into
Mohave, Virgin
Hta, area,

Coconino; Grand
Canyvon area,

N. Mohave; Virgin
Hts,

140

As much as 700,

As much as 170,

365 to 800; thins
to north,

28 to B00; thickens
northward.

As much as 600,

0-100,

As nuch as 215;
thins markedly
to south and
east,

Medium- to coarse-grained, relative-
ly pure limestone with some chert
nodules, Where accessible, this
limestone could be of commercial
uae.

Local occurrence of thick-bedded,
cherty limestone, Hay be used for
rough building and aggregate stone,

Coarse-grained limestone with some
magnenian limestone and calcareous
quartzite beds, Generslly irregu-
lar in quality but locally moder-
ately high-calcium beds are used
for ‘Aime and metallurgical flux,
Some alswo used as road aggregate,

Fscabrosa and Redwall Limestones are
sin{lar and probably equivalent
atratigraphic units, Both are
mostly thick bedded, cliff forming,
white or reddish, granular, high
calcium nonmagnesian, and fossil-
iferous with irregular continuous
bands or nodules of chert in some
parts, Locally the lower part ia
wmagnesian and siliceous and the
upper part containa interbedded
shale, HMiddle and upper parts
generally are suitable for chemical
and industrial use and more
masgive beds yleld good dimension
and crushed and broken stone,
Locally the limeatone i{s mar-
morized,

Do.

Contains limestone beda that general-
1y are highly variable within short
dintances. Generally is thin
bedded, often strongly magnesian
or dolomitic and shaly with local
chert zonea, NW, extenafon former-
ly called Muddy Peak Limestone,
Locally the limestone units may be
suitable for aggregate.

>

local, magnesian, and sandy lime~
stone suitahle only for aggregate,

Contains highly magnesfan limestone,
of douhtful commercfal value bhut
may be suitahle as aggrepate,
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TABLE 34.—Principal limestone and dolomite in Arizona—Continued

General age and
stratigraphic unft

bistribution by
county and ares

Thickness (feet)

Characreristice and remarks

Ordovician--Contin-
ued

Longfellow and
El Paso Lime-
atones

Camhrian

Abrigo Limestone

Huav Limeatone

Late Precambrian

Mencal Limestone

Bass Limestone

S, Greenlee and E,
Cochise; local
occurrences in
Dos Cabezas,
Chiricahua, and
Swinmhelm Mta,,
and in Clifton-
Morenci district.

Cochise, Pima,
Pinal, and Ssnts
Cruz; crops out
in some mountatn
blocks.

NW. Cocontino, N,
Cila, N, Mohave,
and Yavapai;
cropa out along
Grand Canyon and
intermittently to
moutheast,

Cochise, Cila,
Grahsn, Pims, and
Pinal; scattered
outcrops in SE,
Ariz. and best
exposures in Cila
and Salt River
basins.

Coconino; Grand
Canyon area,

350 to 715,

360-800; thins to

west and north,

0 to 2,000; thins

to southeast,

225 to 500; thins

northward,

335 or more.

Relativelv impure limestone, f{en-

erally slabby and chin-bedded,
with magnenian, shaly, and sandv
zones. Locally may be suitable aa
agpregate,

Great variation in physaical and

chemical character, Generally thin
bedded, containa s{lt in lower
part and asnd f{n upper beds. Hligh
magnesia content is common and
fairlv pure limestone {s rare,

For most part unsuitable for use
except locally for aggregate,

Highly variable stratigraphically and

in extent, both chemically and
phvsically, with many sandy and
magnesian heds, No known commer-
cial use but locally may be suft—
able for rough dimension stone and
for aggregate.

Tn general grades upward from cherty,

interbedded limeatone and dolomfite
to massive, cliff-forming, mag-
nesian limestone, Top part gen-
erally {s thin hedded, siltv, and
afliceous. Generally is highly
variable and mostly impure lime-
stone and locally contact metamor-
phoased by diabase intrusfon. Morxe
massive members used for rough
dimension and crushed and broken
stone, &3 at Roosevelt Dam, Some
marmorized and serpentinized stone
exploited as decorative warble,

Alternating beda of magnesian lime-

atone and shale., Locatfon and
quality limit commercial use but
may be suftahle for aggregate in
sone areas,

to be the equivalent of the Escabrosa, occurs in less disturbed form
bordering the Colorado Plateaus province from east-central to north-
western Arizona (fig. 59). Both contain thick, massive, strong, and
durable beds of high-calcium, low-magnesium stone. Chert nodules
and bands are the main impurity. The Escabrosa Limestone has been
quarried at Picacho de Calera (No. 6, fig. 59), sonth of Rillito, Pima
County, for cement rock and near Camp Grant (No. 8), Pinal County
and Hayden (No. 3{, Giila County, for lime and metallurgical lime-

stone. Marble proba

oly derived from the Escabrosa Limestone, is ex-

posed in scattered outcerops throughout southeastern Arizona as shown
in figure 59 and listed in table 85. Most of the marble is highly frac-
tured, contains crosscutting igneous dikes, or has color variations
which limit the size of blocks or the amounts that have uniform color
or color pattern.
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N ] TasLe 35.—Marble occurrences in Arizona
\' 1 Locality c 4
x I No. ‘ounty, area, an Formation and remarks References
h ' locality
L ' fip. 39
ty |
. Cochine
I i 12 Chirfcahua Mts,, Massive and fractured, vhite and Burchard, 1914, p, 1342-1343;
Tos. 15-17 S,, colored marmorized Facabross Lime~ Wilson and Roseveare, 1949,
'- Rs, 30-31 E, stone, Variable, chemicallv and p. 4B; Townsend, 1962,
o ’l physically. No recent productfon, p. 19-20,
bl .
! ' 13 Dragoon Mts., Yassive and fractured, white and Do,
| ' Tpe, 16-18 S,, colored marmorized Emcabrosa Lime-
1 « . | Rs. 23-24 E, stone. Quality variahle, ULigier
! L ' quarries, No recent production,
[ '
{ ,”J n l 14 Huachuca Mts,, Marmorized Escabrosa Limestone, Ariz, Dept. Mineral Resources,
‘, ' T. 23 S,, 1962,
. ' Rs, 20-21 E,
! <
E o l' Pima
H hos
| e ! 7 Santa Rita Mts,, White and colored, massive and frac~ Burchard, 1914, p. 1342;
[ ' | Tps. 17-18 S,, tured Fscahrosa Limestone, Andrada Townsend, 1962, p, 18-19,
i 1 Rs, 15-16 E, Marble quarry,
H 1
,' | 15 Sferrita Mts,, Massive to highly fractured, white to Townsend, 1962, p. 18-19;
1 ' Tpa, 17-18 5., xray, marmorized Paleozoic limestone, Ariz, Dept, Mineral Re~
1 f R, 10 E. sources, 1962,
H i
ll H" | 16 Fmpire Mts,, Yarmorized Fscabrosa Limestone, Ar{z, Dept, Mineral Resources,
~\.\\‘/i 5 T. 17 5., 1962,
i - I R. 17 F.
! : ' 17 Santa Catalina Fine, white, marmorized Escabrosa Burchard, 1914, p, 1342,
N et Mts., T. 11 S., Limesatone,
- ,?:,m: ! R. 16 E.
A Nt
PHAMN 5o Santa Cruz
PR |
- )
Sattone Ny 18 I mi, W, of White, marmorized Paleozoic lime- Townwend, 1962, p, 18-19,
I Amado, T. 20 S,, stone,
t | R. 12 F,
oo »-u: Pinal
\\. ' 19 Tortol{ta Mts., White, dense, highlv fractured Townsend, 1962, p. 18,
12 T. 10 8., marmorized Escabross Limestone,
i3 “ ' R. 13 E.
COgHISE !
' i . ' 9 Hewitt Canvon, Impure, marmorized, and serpentimzed N. E, McNefce, oral commun,,
L] [ T. 158,, Meseal(?) Limestone, 1968,
4 ] | R, 11 E.
\Q . M ‘: Maricopa-Yuma
5 Harquahala Mta,, Vhite and colored, massive and Tovnsend, 1962, p. 18; Ariz,
T 5 Noy fractured, marmorized Paleozoic Dept. Mineral Resources,
~s. 10-12 W, Ifmestone, Blackstone quarry 1962,
EXPLANATION and White Marble fquarry,
.7 Yuma
Limestone and marble operations In Arizona in (966 20 Buckekin Mts, Coarsely crystalline, marmorized Burchard, 1914, p, 1343;
(Mumber is referred to in table 3 3 and text) T. 9 N, ’ Paleo:ulcyllneston;. Ariz, I;ept. )'(ll‘:eul Re-
.12 R. 16 W, sourcea, 1962,
(Number i f "Mg': oti:cu{rgrl\caas d text) Cocentne
umber I8 referre ¢ in table an ex
21 Elden Mtn.,, Pure, coarse-grained, vhite mar-

Outcrop of sedimentary formations of Mesozoic and
Paleozoic age containina principal 1imestone and
marble deposits.

F16URE 59.—Limestone and marble in Arizona.

22-299 0—69——26

T. 21 M.,
R. 7 E.

Robinson, 1913, p. 77,
morized Redwall Limestone,
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In general, the localities are not good sources of large blocks of high
quality, finished construction stone, but are a source of smaller monu-
ment and decorative facing stone. Good opaque dense white crushed
and broken stone desirable for roofing granules, terrazzo, stucco, and
precast stone can be produced and, for some such uses, the various
colors and color patterns may enhance the value. The Redwall Lime-
stone is quarried at Clarkdale (No. 10), Yavapai County, for cement
rock and high calcium stone used by the sugar refinery at Chandler,
Maricopa County. It is quarried also at Nelson (No. 11) in Yavapai
County, mainly for the production of lime. The Redwall Limestone
has been marmarized locally by igneous intrusions or flows, as at
Elden Mountain, Coconino County. The scattered undifferentiated
marmarized Paleozoic limestones of northeastern Santa Cruz County
and southern Pima County and the undifferentiated marmarized
Paleozoic to Mesozoic limestones of western Maricopa and northern
Yuma counties, such as in the Harquahala Mountains (No. 5), may be
the equivalent of the Escabrosa and Redwall Limestones. The local
Modoc Limestone of Mississippian age near Morenci (No. 4), Greenlee
County, is used for metallurgical flux and as a source of lime for
copper treatment.

The Naco Group limestones, of Pennsylvanian and Permian ages,
lie above the Escabrosa Limestone in southeastern Arizona and the
Redwall Limestone in east-central Arizona. At places these limestones
are relatively clean high-calcium low-magnesium stone but are rela-
tively thin bedded and have interbedded shale. Naco Group limestones
and shales are quarried for cement rock at Picacho de Calera (No. 6),
near Rillito in Pima County, and are suitable for such use in other
localities. In general these limestones are too thin-bedded to be used
for dimension stone and the interbedded shale makes them unsuitable
for other chemical and industrial use.

Other limestones of commercial importance or of potential com-
mercial use are the Mural Limestone of Cretaceous age in the Paul
Spur-Bisbee area (No. 1), south-central Cochise County, which is

uarried mainly for lime production and metallurgical flux ; the Mescal
imestone, of late Precambrian age, which is quarried northeast of
Florence Junction (No. 9), Pinal County, for varicolored marble build-
ing stone, and for rough dimension stone and crushed and broken stone
(as used in Roosevelt Dam in east-central Arizona) ; the Fort Apaclic
Limestone Member of the Supai Formation, of Permian age, in east-
central Arizona; and the Xaibab Limestone, of Permian age, that crops
out over a large area in north-central Arizona and has been used for
‘building stone and aggregate for various purposes.

OuTLOOK

Limestone and marble are important resources in Arizona. They
are plentiful and much of the high quality stone is readily available.
In general construction, the earbonate rocks of the State must compete
with other stone and concrete and the future use of limestone and
marble for dimension purposes is likely to be limited to ornamental
paneling and facing stone. Volcanic cinders and scoria are more readily
available for most constructional purposes that utilize crushed and
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broken stone. Thus, in addition to the present principal uses of lime-
stone and marble (cement, calcium-lime, and metallurgical flux) new
industrial markets need to be sought. The character of the deposits
and the distance from the current major markets limit their exploita-
tion as dimension stone but their use as crushed and broken stone
should increase with the industrial development within Arizona and
in sonthwestern United States.
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MICA

(By Richard T. Moore, Arizona Bureau of Mines, Tucson, Ariz,)
INTRODUCTION

Mica is the general name applied to a group of complex hydrous
potassium aluminum silicate minerals of which muscovite, phlogopite,
biotite, and lepidolite are the most common. Although the members
of the group differ in the details of their chemical composition and in
some of their physical properties, the group is characterized by a

" perfect basal cleavage. All can be split into thin sheets having varying

degrees of transparency, toughness, flexibility, and elasticity. Of these
minerals, muscovite (including the closely related mineral sericite)
and phlogopite are the most important sources of commercial mica.
Biotite finds only a limited market in the form of ground mica, and
lepidolite is most important as an ore mineral of lithium.

Unmanufactured mica is marketed in two broad commercial classes:
(1) sheet mica and (2) scrap mica (Skow, 1962, p. 3). These two
classes vary widely in their uses, in the forms in which they are mar-
keted, and 1n the prices they command.

Sheet mica is relatively flat and of sufficient size and freedom of
structural defects that it may be punched or otherwise trimmed into
specified shapes. The electronic and electrical industries consume more
than 90 percent of the sheet mica used in the United States. Several
classifications for the grading of sheet mica have been established,
based on differences in color, degree of preparation, sheet thickness
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and size, visual and electrical quality, and, in the case of phlogopite,
the degrece of thermal stability. In general, phlogopite is inferior to
muscovite for use as sheet mica and exceeds it in quality only in
thermal stability, being stable to near 750° C. (‘,382° F.), whereas
muscovite begins to yield water at 400° to 500° C. (752° to 932° F.).

Scrap mica, because of size, color, or quality is unsuitable for ap-
plications in which sheet mica is ordinarily emp{oyed. It can be derived
either from the trimmings, or otherwise rejected material resulting
from the production of sheet mica, or from flake mica, produced from
schist or granite specifically for use as scrap mica. Serap mica, in turn,
1s primarily the raw material used in producing ground mica. Notable
quantities of ground mica are used in the manufacture of roofing ma-
terials, wallpaper, paint, rubber, pipeline enamel, and molded elec-
trical insulation.

Prices for mica are generally negotiated between buyer and seller.
In the period 196067 the price for waste or scrap mica ranged between
$25 and $30 per short ton at the mine, Dry-ground mica was quoted at
2¢ to 4¢ per pound and wet-ground mica sold for as much as 9¢ per
pound. Sheet mica prices vary widely depending upon quality and
grade, and in recent years have ranged from 5¢ per pound for washer
grade to over $10 per pound for highest grade and quality of film
and block (Skow, 1962, p. 97; U.S. Bur. Mines, 1968).

Probucrion

India, yielding 80 percent of world production in recent years, is fol-
lowed in order by Brazil, the Malagasy Republic (Madagascar), and
the United States (Skow, 1962, table 30). The disparity in the relative
amounts produced, however, is great; India’s output is about 10 times
that of either Brazil or the Malagasy Republic and between 30 and
40 times that of the United States. The bulk of the sheet mica produced
in the world is utilized in the highly industrialized countries, princi-
pally the United States, the United Kingdom, West (Germany, the
U.S.S.R., Japan, and Italy (Skow, 1962, p. 110) ; the countries that
produce most of the sheet mica use very little,

In 1965 the United States produced 716,086 pounds of sheet mica
(Petkof, 1966, table 2) and imported 11,832,206 pounds, of various
types, 81 percent of which came from India (Petkof, 1966, table 11).
In contrast, during 1965 our consumption of scrap and flake mica
amounted to about 253.2 million pounds, of which about 240.5 million
pounds, nearly 95 percent, was produced domestically (Petkof, 1966,
tables 2 and 8). In recent years the United States has furnished over 80
percent of the world production of serap mica. '

Domestic production of both sheet and serap mica comes principally
from North Carolina. Qther states that recorded production in 196%
included Alabama, Arizona, California, Connecticut, Georgia, New
Mexico, Pennsylvania, South Carolina, and South Dakota (Petkof,
1966, table 2).

_ Arizona has produced mica since at least 1936, and total production
1s estimated to be approximately 65,500 short tons of erude mica valued
at $1 million. At least, 12 deposits have been worked for flake and scrap
mica at various times since 1936 ; however, the major part of the pro-
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duction has come from two deposits, one in the Buckeye Hills (No. 3,
fig. 60 and table 36), and the other near Quartzsite (No. 17). Both of
these properties are owned by the Buckeye Mica Co. The Quartzsite
deposit, however, has not been mined since about 1960,

During the period 194248 a few hundred pounds of sheet mica was
mined from three deposits, the Mica Giant mine (No. 6), M and P
Mica claims (No. 7), and the Enid Station deposits (No. 10). Most
of this material was purchased by the Colonial Mica Corp., an agency
established by the U.S. Government to aid in development of a do-
mesti(I;Isheet mica industry to help supply the needs during World
War IIL.

Arizona DEeposits AND OUTLOOK

Arizona mica deposits fall into three geologic categories: (1) mica
schist deposits, including segregations of flake mica in gneissie rocks;
(2) pegmatite deposits; and (3) sericite in hydrothermally altered
veins and wall rock. By far the most important type, from the stand-
point of past production, is the mica schist type, which includes the
Buckeye Hills and Quartzite deposits. Some scrap and essentially all
of the sheet mica has been obtained from pegmatite deposits. This type
is exemplified by the Big Reef (No. 4), Mica Giant (No. 6), M and P
Mica (No. 7), and Dixie Queen (No. 13) deposits. The Charleston
property (No. 1) is the only deposit of the sericitic vein type known;
some ground mica was produced from it during 1958-60 by the Tomb-
stone Mica Co.

During the period 1961-66 an average of about 3,000 tons per year of
scrap mica was produced in Arizona. Based on past production, plant
capacity exceeds this amount, so the future of the industry in Arizona
seems to be more dependent upon market conditions than on reserves.
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PO ur . -2 . —_————- TABLE 36.—Mica deposits in Arizona
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b ' Locality No.  County and propert
" % | in “B{ 60 oz laca;us 4 Hanner of occurrence References
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cobS N u | Cochige :
s " ' i
i ' 1 Charleston mine Veinlike body of finely crystalline Wilson and Roseveare, i
' ‘ I | serfcite in hvdrothermally altered 1949, p. 30,
c o ¢ . rocks, Small quantity processed and
T ' shipped as ground mica,
i ' v |
IL H Maricopa :
I ) .. : ! ! < ' 2 Estrella Hts,, Mugcovite books in pegmatite and in Do,
! I S| ! - I weatern part coarse flakes in schistose wall rock,
! ! T ; Fgoun | ) | . ® ' Some processed and shipped as ground
i 1 : D« [ i mica. 4
' ' :
' . [ i B », ' H
! . [ ' i e | 1 3 Buckeye fiills Muacovite, in rough, flawed sheets in Sterrett, 1923, p, 463 !
1 Lo L i | z""“’ i < ' pegmatite and from schist adjacent to Wilson and Roseveare, .
H "t t " | pegmatite and sericite from aschist, 1949, p., 10, i
YA v AR A § ! { \ Requirea little milling or grading.
i e , (Preroal s i | bt ' Much material processed and shipped as :
P 13 % ’,’:i,‘_ N i t I ground mica, i
_ PY 16 L N i :
[ ® [ i } ] ‘4 D ' 4 Big Reef mine Muscovite in large, flawed books in the Arizona Bur, Mines, file :
| 9 i / ) ' i ! core and intermediate zones of pegma- data, '
i_ 5 " 4 | e | tite dikes, and am small flakes and !
pTTT R 8 S """'"(‘ """"" (A ' hooks in the border and wall zones. 2
| o . | ' Processed for ground mica. ;
1 4 ’ o | . | i
i g ' r‘ N
! gy T ' Mohave . .
Lo LA e N ' :
A ! UL Sait -~ | s { w I 5 Mica Hill (Merlo) Nature of deposit not known., Minor Arizona Bur, Mines, file i
1 . i e w mine amount of scrap and ground mica data; Kelly and others :
. ] \ . J ' 5 3 H
Y u L] A oMo A R ® ¢ plar A i \ t 4 shipped in 1940's and early 1950's, 1957, p. 136; Luff, H
t i 3 oy i o AT bz i 1955, p. 119.
: 27p et t, o2
EED ; . - lo ey i_.’ ' . t“\ : ' 6 Mica Giant mine Huacovite books in pegmatite, Some The Mining Jour,, 19445
it | P, ' N A L . - ' sheet mica shipped in 19445 scrap mica Meeves and others,
o ar ; . ¢ ) Y 2 produced in 1947, 1966, p. 20,
(" W ! ) 2, i ' L
/ x 18 | ; . * , '\gf s o 7 M and P Mica Flawed muscovite books weighing several 0Olson and Hinrichs, 1960,
~ o ‘ P I R . 4 ' l claims hundred pounds each in pegmatite, p. 193,
AR ! . " ! . Small quantity of sheet mica shipped
e ! 9 ' he i ! | in 1943,
~. ~ ] . hy b | % | .
S~ h ' i o 8 Virgin Mta, Huscovite books in pegmatite dikes and 0Olson and Hinrichs, 1960,
‘3\_\~ P M 1A | , : sericite in achistose wall rocka, No p» 189; Scerrete, i
4 A i ¥ . roduction, 1923, p. 47. !
- l ¢ COCHISE | i '
.. : E i ] ' Pina :
~.. b j P , H
s - “ | 9 San Antonic mine A very small quantity of scrap mica pro- Wilson and Roseveare, i
A ¢ 50 Mtk s h ! i N (Sunshine ceased and sold as ground mica, 1949, p, 30. [
H deposit)
Pinal i
10 Enid Station Flawed muscovite bnoks in pegmatite and No, J
EXPLANATION sericite in achistose wall rocka, :
Some trismed sheet, some scrap and ¢
7 .I notable quantity of ground mica pro- ]
d d, §
Sheet mine Scrap mine uee ‘
i
6 8 11 Pima Butte Flaky muscovite fn schiatome rock adfa- Wilason, 1961, p. 27,
cent to pegmatite dikes; zones up to
Sheet and scrap mine Occurrence 30 fr, in width common,
12 Estrella Mta,, Muscovite in coarse flakes in achistose Wilson, 1963, p, 22, 23, f
(Numbers refer to mines or occurrences mentioned in text and eastern part wall rock adjacent to pegmatite dikea; |
listed in table 36) zones up to 15 feet in width common. H
3
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TABLE 36.—Mica deposits in Arizona—Continued

Locality No. County and property

in fig, 60 or locality Manner of occurrence References
Yavapati
13 Dixie Queen Muscovite in pegmatite dike in granite, Meeves and others, 1966,
Scrap mica produced in 1954, p. 21; Kelly and
. others, 1957, p. 141,
14 ferrier claime Huscovite books in pegmatite diken in falbraith and Brennan,
i pranite, snd as segrepations of flake 1959, p. 104; Wilson
mica in Yavapal Schist. Small pro- and Roseveare, 1949,
duction of scrap niea. p. 30, '

15 Long Nike mine Fine~ to medium-graindd book mumcovite Jahns, 1952, p, 103,
in massive quartz 'in inner parts of .
pegmatite dikes,

16 8lack Hagic mine Medium~-grained book muscovite {n pegma- Galbraith and Brennan,

area tite dikes and as flakes fn achistose 1959, p, 104; Heeves
wall rocks bordering pegmatites, and others, 1966,
p. 21; Wilson and
Roseveare, '1949,
p. 30,
Yuma

17. Nuartzaite Coarse to fine flaky muscovite and %ancroft, 1911, p. 25,
sericite {n echistose rocks derived
from silty shale. Conaiderahle pro-
duction of scrap in 1955-60.

18 Fortuna mine area Flaky muscovite in pegmatite dikea and Wilson, 1933, p, 201,

coarse~prafned sericite in schist
ad{acent to dikes,

U.S. Bureau of Mines, 1968, Mica (natural)—nonstrategic—strategic, in Com-
modity Data Summaries: U.S. Bur. Mines, p. 92-95.

Wilson, E. D., 1933, Geology and mineral deposits of southern Yuma County,
Arizona : Arizona Bur. Mines Bull. 134, 236 p.

1963, Mineral deposits of the Gila River Indian Reservation, Arizona:
Arizona Bur. Mines open-file report, 35 p.

Wilson, E. D., and Roseveare, G. H., 1949, Arizona nonmetallics, a summary of
past production.and present operations : Arizona Bur. Mines Bull. 155, 60 p.

PERLITE
(By H. W. Peirce, Arizona Bureau of Mines, Tucson, Ariz.)
History AND PRODUCTION

Petrologically, perlite is the name given to a glassy volcanic rock
of rhyolitic composition that has a perlitic (onionskin or pearl-like)
structure. Typical perlite contains 2 to 5 Percent combined water and,
when heated to a specific temperature, “pops” or suddenly expands
like popcorn to produce a lightweight cellular product that has many
commercial applications. Commercially, the term “perlite” has been
extended to include any glassy volcanic rock that has this ability to
expand.

he perlite industry in the United States began in 1946 with the
production of 4,208 short tons of crude perlite reported by five com-
panies, four of which operated near Superior, Ariz. (U. S. Bur. Mines,
1948, p. 1294). Twenty years later, in 1966, u.s. production of crude
perlite was about 548,000 short tons (U. S. Bur. Mines, 1967, p. 525).
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Of the 9.5 million short tons of crude perlite produced in the country
since 1946, the Arizona Bureau of Mines estimates that less than 2
percent came from Arizona. Since inception of the perlite industry,
New Mexico has become the principal source of crude perlite in the
United States, having supplied about 84 percent of the total in 1965
(Burleson and Henkes, 1967, p. 558). In 1965 Arizona was second to
New Mexico in crude perlite production, followed in decreasing order
by California, Nevada, Colorado, Idaho, Utah, Texas, and Oregon.
In these nine states, 17 companies operated 18 mines.

The United States, in 1966, produced 394,300 short tons of expanded
perlite valued at $16,403,000 for an average of $41.60 per ton (U. S:
Bur. Mines, 1967, p. 525). Illinois was the largest producer of ex-
panded perlite in 1965 (May, 1966, p. 709), the last year the leading
producer was announced. In 1966 1n the United States crude perlite
was expanded by 83 companies at 97 plants (U. S. Bur. Mines, 1967,
p. 106) and was used in plasters, insulation, filter aids, fire-resistant
materials, soil additives, lightweight aggregates, and in cementing
material for oil-well drilling (Burleson and Henkes, 1967, p. 558).

In 1966 Arizona supplied over 30,000 short tons of crude perlite
valued in excess of $250,000. Over 98 percent of this material was
shipped to plants outside of Arizona and less than 2 percent was
“popped” within the State. All of the crude material came from quar-
ries operating in the vicinity of Picketpost Mountain west of Superior,
Pinal County. Arizona Perlite Roofs, Inc., operated two mines and
crude perlite was shipped to an expanding plant in Maricopa County
operated by Supreme Perlite, Inc. The expanded perlite was used as
concrete aggregate, as an aggregate replacing sand in plaster, as loose-
fill insulation, and as a soil conditioner. Harborlite Corp. operated the
Harborlite mine and shipped crude perlite to company-owned and
other expanding plants outside the State (Larson and Henkes, 1967,
p. 100). In 1967 two sizing plants were operating in the Superior field
and preliminary estimates by Arizona Bureau of Mines personnel
indicate that production increased at least 25 percent with some ship-
ments being made as far as New York State.

In the Basin and Range province of Arizona volcanic rocks of Ceno-
zoic age commonly contain volcanic glass but their popping or swell-
ing characteristics must be determined in the laboratory. At least
preliminary tests have been made on glasses from all localities shown
except one,

Arizona Derosrts

Figure 61 shows the locations of the principal perlite occurrences
in Arizona. Of primary importance, because of large potential reserves
and commercial development, is the Picketpost Mountain area about 4
miles southwest of Superior in northeastern Pinal County (fig. 61,
locality No. 1). A general discussion of the occurrence of the perlite
is provided by Wilson and Roseveare (1945, p. 5),a petrologic descrip-
tion by Anderson, Selvig, Bauer, Colbassani, and Bank: (1956, p. 11),
and the general volcanic geology is described by Lamb (1962, p. 149),
and Peterson (1966, p. 159). According to Wilson and Roseveare
(1945), a 5- to 100-foot thickness of perlite is associated with a rhyo-
litic volcanic phase which is only a part of a larger volcanic complex,
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presumably of Tertiary age, that attains a maximum thickness of
1,970 feet in Picketpost Mountain. Lamb (1962) says that locally,
glassy siliceous flows reach a thickness of 600 feet and that much of
the glass is perlitic. The perlite deposits are extensive and erop out at
many places within a northwestward-trending area that is about 10
miles long and 214 miles wide. The region is served by U.S. Highway
60 and by the Magma Arizona Railway which connects with the South-
ern Pacific Railroad.

Large deposits of perlite also are known in the southern and middle
parts of the Black Mountains of western Mohave County., Apparently
some effort has been made to work the deposits although there is no
known record of production. According to Wilson and Roseveare
(1945, p. 6) perlite from 25 to more than 100 feet thick occurs in the
upper part of a voleanic series, totaling 8,000 to 10,000 feet in thick-
ness, consisting of trachyte, andesite, latite, tuff, and basalt. Specifi-
cally, they indicate that in the middle area perlite is well exposed in
Tps. 22-23 N, Rs. 1920 W. (locality No. 2), and that in the southern
area perlite crops out in secs. 22, 26-28, 84, and 35, T. 17 N, R. 18 W,
(locality No. 3). These southernmost exposures are within a mile or
so of the Santa Fe Railway.

In addition to the above-mentioned areas, McCrory and O'Haire
(1961) show perlite occurrences in T. 3 8., R. 22 W.; Yuma County
(No. 4); T. 1 S,, R. 5 W. near Hassavampa (No. 5) and T". 4 N, IR.
10 W. (No. 6) Maricopa County;T. 4 S, R. 15 E. north of Winkelman,
Gila County (No. 7) ; north of Morenci, Greenlee County (No. 8) ; in
T. 24 N., Rs. 21 and 22 W., Mohave County (No. 9) ; and south of Casa
Grande, Pinal County (No. 10). Smith (1966, p. 187), in discussing
the geology of the Cerro Colorado Mountains, indicates that dark-gray
to pinkish-gray perlitic glass 100 to 200 feet thick occurs in the upper
part of a rhyolite vitrophyre (No. 11). This occurrence has not been
Iaboratory tested.

Ourroox

Although widespread occurrences of expandable voleanie glass in
the Basin and Range province of Arizona offer opportunities for fur-
ther exploration and development, it is probable that the Superior per-
lite field is best situated with respect to size and quality of reserves and
transportation facilities. Iecause of these factors the development of
a larger perlite industry in Arizona is likely to be centered around the
development of the Superior field.
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PUMICE AND PUMICITE
(By 8. B, Keith, Arizona Bureau of Mines, Tucson, Ariz.)

Prorer1ies ANp Usks

Pumice and pumicite are acidic glassy volcanic materials having
chemical composition similar to that of rhyolite, quartz latite or dacite.
They are often referred to as volcanic ash, dust, tuff, rhyolitic sand or
pumiceous material. They differ from each otfler, however, in mode
of formation, occurrence, and textural characteristics. Both are nor-
mally white to light gray and ave composed mainly of silica with lesser
amounts of alumina, potash, soda, lime, magnesia, and iron oxide. In
gencral they are chemically inert but can be reactive when in a finely
granular condition, The glassy particles or fragments are nearly as
hard as quartz and are brittle, breaking with conchoidal and sharp
angular fracture. In their natural occurrence, the particles and frag-
inents may be either loosely or well consolidated. (ilass usnally devit-
rifies with age so that it is most conunon to find pumice and pumicite
associated with Cenozoic voleanics. )

In commercial usage and as reported in the production and use
statistics by the U.S. Bureau of Mines, basaltic volcanic cinders and
scoria are grouped with pumice and pumicite. There is some textural
and genetic similarity between these two types of materials but the
differences in chemical composition and the more specialized uses of
pumice and pumicite suggest separate treatment in this report. Vol-
canic cinders and scoria are reviewed under “Basalt and related rocks”
(sce p. 315).

Pumice is a highly cellular, dull, glassy material consisting of frag-
ments and blocks ranging from about one-eighth inch to several feet
in size. The open cavities or cells may be spherical, tubular, or irregu-
lar in shape and are separated by thin glassy walls. Due to its sponge-
like character, dry pumice is light in weight and many fragments
and blocks of pumice will float on water and may absorb as much as 3
percent. or more of its weight in water. Pumice originates from molten,
silica-rich lava that is highly impregnated with water vapor and
other gases. The release of pressure upon extrusion of the lava allows
the gases to expand and the rapid cooling and vitrification of the melt
preserves the mass of gas bubbles. Silica-rich lavas solidify at high
temperatures and thus are found close to centers of volcanic activity.
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Deposits of pumice are found as irregular, lenslike bodies closely as-
sociated with other volcanic flows and tuffs near major volcanic vents.
Such deposits may originate as a part of a volcanic flow, as an ash
or pumice fall or flow, or from deposition of pyroclastic material.

Pumicite consists of finely divided, closely packed, angular, glassy
fragments ranging downward in size from about an eighth of an
inch to extremely fine powder. Despite the fineness, pumicite will sink
in water. It originates as voleanic ejecta, blown into the air by
volcanic eruptions. The airborne particles are sorted in weight and size
by gravity and wind and, after falling to the earth’s surface, may be
further classified by wind and water action. Thus, pumicite may occur
thinly spread over wide areas or in thick accumulations in local basins.
In either case, the deposition is often distant from the original source.

Pumice and pumicite have long been used as abrasive materials,
either in lump form or as a powder for dressing wood or metal sur-
faces, preparing metal surfaces for plating, cleaning lithographic stone
or metal cooking surfaces, and in industrial and domestic cleaning
and scouring compounds and soaps. For these purposes, the particles
must be fine, sharp edged and strongly striated to be most effective,
and they should not be thin or platy. Pumice and pumicite have been
used also as carriers of insecticide, for brick manufacture, filtration
absorption media, soil conditioners and for roughening slippery and
icy surfaces. Some water-rich pumice has been heat expanded to pro-
duce lightweight aggregate and insulation.

Block pumice is seldom used as a building stone but it is sometimes
cut into bricks and panels for lining fireplaces or for decorative pur-
Eoses. Coarse pumice can be used as a lightweight aggregate for

uilding block but it should be thoroughly dried and all finely divided
pumiceous material eliminated since included moisture and fines can
result in cracking and spalling of the concrete product. Excessive water
in the pumice weakens the bond between the cement and aggregate and
the amorphous glass in pumice reacts with any alkalies in the cement
to produce soluble silicates that can dissolve under moist conditions or
set, up stresses in the concrete. Raw pumice is not used as lightweight
aggregate in more massive concrete structures due to the risk of this
reaction.

The use of pumice and pumicite as a cement material or admixture
(pozzolan) in construction dates back more than 2,000 years, to the
Romans. This use apparently died out for over a thousand years and
was not revived in Europe until the late 1880’. It was not until the
1930’s that substantial amounts of pumice and, or, pumicite started to
be used by the construction industry in the United States as a poz-
zolanic material. Pozzolan is a siliceous material which, when in a
finely divided form and in the presence of moisture, reacts with
calcium hydroxide and possibly other ingredients, at ordinary tem-

erature, to form a cement. The various pozzolanic materials have been
investigated by several researchers (Mielenz and others, 1951 ; Davis,
1949; and Faick, 1959). Thoroughly dried pumicite and pulverized
pumice rate as the best potential pozzolans. Other possible pozzolanic
materials are artificial fly ash, diatomite, opaline chert, and some tynes
of clay and shale. Other volcanic glasses such as obsidian and perlite
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can be pozzolanic but high grinding costs discourage their use for this
purpose. However, any suspected pozzolanic material must be thor-
uug{xl tested to be sure that it will react in the manner desired for the
specific use. Williams (1966) investigated potential pozzolan resources
in Arizona and discussed the techmology, development, advantages, and
disadvantages of these materials. He also listed analyses of some
Arizona pumice made by the U.S. Bureau of Reclamation in Denver.

ProbucrioN

Pumice and pumicite production statistics are reported annually
in the U.S. Bureau of Mines Minerals Yearbook hut until 1953 the
figures were combined with voleanie cinders and scorin, Since 1953,
the reported U.S. pumiee and pumicite production has averaged over
800,000 short tons per year with values from $3 to $5 per short ton.
The unit price was lowest in 1957, 1963, and 1964 when the annual
domestic production was more than | million tons. Tn 1965 and 1966,
domestic production dropped to 483,000 short tons with an average per
ton value of $5.06 and 549,000 short tons valued at $£79 per ton,
respectively. There is no available breakdown of the production of
pumice and pumicite by individual states. In recent years, the use of
domestic pumice for abrasive use has decreased since foreign sources,
mainly West Germany and Italy, can supply the United States market
with higher-grade abrasive pumice at competitive prices. In 1966,
270,000 short tons were imported (U.S. Bur, Mines, 1967, p. 545).

In Arizona, the amounts of pumice and pumicite that have been
produced can only he roughly estimated. Wilson and Roseveare (1949,
p. 51) reported that more than 1,000 earloads of pumice were shipped
from a deposit south of Williams in 194748 for use mainly in making
lightweight concrete block at a plant in Phoenix, In late 1948, 24 car-
loads of crushed and sereened pumice were shipped from northeast of
Flagstaff and probably also used mainly as lghtweight ageregate.
Reportedly, the high moisture content weakened the finished products
and the use of this pumice for this purpose was discontinued. The only
other notable and definite production of pumice or pumicite in Arizona
occurred during 1961-63 when more than 200,000 short tons were
mined, erushed, screened, classified, and heat treated for use as a con-
crete admixture (pozzolan) in the construction of Glen Canyon Dam
in northern Coconino County. The source of this material was de-
posits on the castern side of Sugarloaf Peak, north of Flagstafl' (Wil-
liams and Zinkl, 1965). Apparently only minor amounts of pumice or
pumicite have been produced in the State since 1963,

Arizona Derosits

Pumice oceurs throughout much of Arizona, particularly in areas
near major voleanic vents in some of the large areas underlain by
Cenozoic basaltic flows, as indicated on the geologie map of the State
(fig. 5). The large central-type vents, now showing as extinct cones,
craters, necks and plugs, are most prominent in the San Franeisco and
surrounding voleanic fields in southern Coconino and northeastern
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Yavapai Counties as exemplified by San Francisco Mountain, Q’Leary
Peak, Kendrick Peak, Sitgreaves Mountain, Bill Williams Mountain,
and Mount Floyd. Around such vents, vast quantities of basalt, ande-
site, latite, dacite, and rhyolite flows and pyroclastics were deposited
(Robinson, 1913 ; Sabels, 1960, 1962). Sabels’ studies suggest that much
of the rhyolite pyroclastics originated in late Miocene to early Pliocene
time, prior to the major period of basaltic flows, but that some rhyolitic¢
to dacitic pyroclastics appear throughout the entire sequence of basal-
tic flows. Other areas in the State where pumice occurs, such as in
southern Graham and Greenlee Counties, appear to have a similar
setting but detailed geologic studies of the pumice deposits have not
been made.

Pumicite occurs mainly in northeastern Arizona within the Navajo-
Hopi Indian Reservations where it occurs as thin beds in the Bidahochi
Formation (Cenozoic). Sabels (1960, 1962) believes the material came
from the Thirteen Mile Rock volcano, the remnants of which can be
seen in the Hackberry Mountain area at the south end of the Verde
Valley, northeastern Yavapai County. Repenning, Lance, and Trwin
(1958) and Howell (1959) also discuss the tuff beds in the Bidahochi
Formation. In general, these tuff (pumice) beds are too thin or have
too much admixed foreign matter to be considered as major sources
of pumicite.

The only major exploitation of pumice, that for the Glen Canyon
Dam, came from surface pits in T. 23 N., Rs. 7 and 8 E., close to U.S.
Highway 89 and just east of Sugarloaf Peak, a part of San Francisco
Mountain (fig. 62, No. 1). The pumice fragments are rhyolitic, coarse
to fine, angular to rounded, bedded or unsorted and loosely consoli-
dated. The deposits cover a large area to depths up to 200 feet. Appar-
ently other pumice deposits occur in the San Francisco Mountain area
but have not been studied in detail. The only other pumice deposit that
has been significantly worked is 314 miles south of Williams on the
east side of Bill Williams Mountain. It is a dacite pumice with small
scattered fragments and crystals of biotite and hornblende and some
altered feldspar grains (fig. 62, No. 2) Kiersch (1955) noted pumicite
in the Padres Mesa area and in other parts of the Navajo Indian Res-
ervation, Apache County (Nos. 3-5). Hipkoe (1948) described a clean,
white, rhyolitic pumicite bed eight feet thick south of Ganado, Apache
County (No. 6). In Coconino County, in addition to the Sugarloaf and
Williams deposits cited above, Olson and Long (1957, p. 80-31) re-
ported pumice on the northeast slope of Mount Floyd and they and
Cosner (1962) noted the pumice in Wupatki National Monument and
around Sunset Crater (No. 7). Other deposits of pumice undoubtedly
occur in the volcanic fields of north-central Arizona but have not been
described. _

Wilson and Roseveare (1949, p. 52) noted deposits of pumice along
the old Safford-Clifton highway in southern Graham and Greenlee
Counties from which two carloads had been produced (No. 8). Since
then a few hundred tons per year from this locality may have been
shipped to Safford for lightweight concrete block aggregate. They also
reported that pumicite deposits were opened for experimental purposes
south of Vicksburg, Yuma County in 1948. Williams (1966, p. 51)
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Pumice occurrence Pumicite occurrence

Localities
1 Sugarloaf Peak 6 Ganado
2 Williams 7 Wupatki and Sunset Crater area
3 Padres Mesa 8 G1d Safford-Clifton highway
4 Bluebird Well 9 Vicksburg
5 Highway 6 10 Bouse

(Localities are referred to in text)

F1eure 62.—Pumice and pumicite in Arizona.
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reported a pumicite bed 114 miles east of Bouse in Yuma County. Other
deposits of pumice and pumicite have been reported in various publica-
tions but without adequate descriptions and locations.

OUTLOOK

Although the reserves and resources of pumice and pumicite in
Arizona are large, amounting to many millions of tons, it is doubtful
if any can be economically exploited as abrasive material. Tn the con-
struction industry in Arizona, pumice has been used as a pozzolan for
the Glen Canyon Dam and to a limited extent as lightweight aggregate
in concrete blocks. With further experimenting and testing, additional
constructional uses may be found. However, pumice and pumicite as
pozzolanic material must compete with fly ash from the Joseph City
power plant in Navajo County and as lightweight aggregate with the
abundant and readily available volcanic cinders and scoria. Unless
new markets for their use can be developed in Arizona, future produe-
tion is likely to be minimal.
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QUARTZ AND QUARTZITE
(By 8. B. Keith, Arizona Bureau of Mines, Tucson, Ariz.)

ProperTIES AND UsES

Quartz, silicon dioxide (Si0,), is the most common mineral in the
earth’s crust. It is an essential mineral in silicic igneous rocks such as
granites and rhyolites and it is the major constituent in most peg-
matites and in many large veins. In such rocks the quartz ranges from
coarsely crystalline to cryptocrystalline, Quartz makes up. a large
part of many sedimentary rocks, notably sandstone, siltstone, and
conglomerate. Metamorphic rocks, such as quartzite and some gnelss
are derived from silicic sedimentary and igneous rocks, respectively,
and their quartz content may be massive or granular, Quartz crystals or
fibrous aind granular varieties of quartz, such as chaleedony, agate,
onyz, flint, chert and jasper, occur in a wide variety of rocks, com-
monly lining vugs, druses, or open fractures. Quartz generally pre-
dominates in mineral veins and as a gangue mineral in ore deposits
and it is the principal mineral constituent in most sand, gravel, and soil.

Quartz normally is colorless or white but it also oceurs in a wide
variety of colors due to included impurities. When crystalline, the usual
form is 2 hexagonal prism with pointed terminations. Although quartz
crystals weighing as much as a ton have been found, quartz generally
oceurs in finely crystalline form. Quartz is hard and will readily
scrafch glass, is extremely durable (strongly resists chemical and
physical weathering), has a vitreous luster like glass, and breaks with a
conchoidal fracture,

Quartzites are sandstones composed mostly of quartz and in which
silica has cemented the sand grains so 'solidly that the rock breaks
across both grains and cement, Such quartzites occur in beds of various
thicknesses that generally conform to the attitude of the parent sand-
stone unit. ' - ’

Crushed or powdered quartz and quartzite are used in “flint” sand-
paper, scouring compounds, and abrasive metal polishes. They are
used also for roofing granules, roud and sidewalk sirfacing, nggregate
for concrete, decorative composition stone, and as a substitute for silics
sand and gravel for many other constructional, industrial, and chemi-
cal purposes. Although often superior in quality to other materials
for such uses, the costs of mining and processing quartz and quartzite
are normally high relative to the value of the derived products and
limit its economic exploitation. Thin-bedded slabs of quartzite may be
used as flageging and hard, tough quartz and quartzite are used as
grinding pebbles and linings in tube and ball mills. A major use of
tough, dense quartz and quartzite, when low in iron and alumina, is as
a metallurgical flux; this latter use is the major one in Arizona.

The high chemical resistance, hardness, and limited response to
temperature change make quartz, either in crystal or fused form, par-
ticularly useful as the main raw material in making laboratory mortars
and pestles, optical flats, gage blocks, preeision balance weights, quartz
tubing, and other specialized equipment. The optical and piezoclectric
properties of quartz crystal make it indispensible for high quality
lenses, lens components, wedges, plates and prisms; and for accurate
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frequency control in communication and other electronic devices. For
these purposes, the quartz crystal must be above a minimum size and
weight, nsually at least 1 inch in cross-section and 2 inches in length
along the long crystal axis, and a weight of over 100 grams. It also
must be free from such defects as physical, optical, or electronic twin-
ning, cracks, inclusions, and bubbles. Optical quartz erystal must be
colorless but if only slightly smoky can meet electronic grade specifica-
tions.

Some special types of quartz are considered as semiprecious gem
material (see“Gem materials”, p. 357).

SoURCES oF SUPPLY

The United States has never been a major producer of natural opti-
cal and electronic grade quartz crystal and no domestic production is
reported for 1966. In the past, mainly during wartime periods, limited
supplies were produced in Arkansas, California, Virginia, and North
Carolina. A few suitable crystals have been found elsewhere in other
States but investigations of possible sources have not found deposits
that could supply substantial amounts of satisfactory, high quality
material. In most occurrences, the quartz crystal cannot be extracted
without being broken or shattered, thus destroying its optical and
electronic value. Brazil is the major world source for natural, high
quality quartz erystal. There, large crystals have weathered out of veins
and pegmatites and are found in eluvial and alluvial deposits. Tn 1966,
the United States imported 265,000 pounds of quartz crystal valued
at $596,000 (U.S. Bur. Mines, 1967), of which Brazil supplied 97 per-
cent (1).S. Bur. Mines, 1968, p. 118).

The lack of domestic reserves of natural quartz erystal during World
War II stimulated research and subsequent production of artificially
cultured quartz crystal in the United States. In 1966, seven plants with
a combined production capacity of 80,000 pounds per year were in op-
eration with 85 percent of the product used for oscillator plates and the
balance in filter plates, transducer crystals, and miscellaneous other
items. Natural quartz crystal in 1966 sold for $2-$35 per pound, de-
pending on the size and quality. Manufactured crystal sold for $25
per pound (U.S. Bur. Mines, 1968, p. 118). Artificial quartz crystal
1s equal to natural product for electronic purposes but there is no
satisfactory high quality substitute for natural crystal for optical nses.

Although large amounts of quartz, other than erystals, and quartzite
are produced for various uses in the United States, the tonnages and
values of these materials are combined with those for sandstone in
the tabulations published by the U.S. Bureau of Mines. Thus no specific
figures on production and use of non-crystal-grade quartz and quartz-
ite are available for the country as a whole or for the producing States.
The amount, however, probably totals more than a million short tons
annually.

In Arizona some promising quartz crystal material has been sub-
mitted to the Arizona Bureau of Mines but investigations of the
sources of such material have failed to disclose high quality erystal that
could be extracted intact and economically. Relatively small amounts
of non-crystal-grade quartz and quartzite have been produced inter-




415

mittently in the State for constructional and decorative purposes. A
few carloads of high purity, fused silica were shipped from the periph-
ery of Meteor Crater, Coconino County, during the 1940's and used
in California as glass and foundry san gWilson and Roseveare, 1949,
p- 44). This material was Coconino Sandstone, which had been fused
by meteorite impact. )

International Minerals and Chemiecal Corp.’s Taylor Mine and C. F.
Week’s White Spar mine to the north of Kingman, Mohave County,
have been producing quartz for abrasive use from large pegmatite
bodies (figure 63, Nos. 1 and 2.) Production figures have not been re-
leased but probably totaled more than 15,000 short tons in 1966, with
a value between $3 and $4 per ton. )

Most quartz and quartzite produced in Arizona has been used for
metallurgical flux by the copper smelters. In 1966, over 290,000 short
tons were so used and had an average value of about $2.50 per ton.
The Andrew J. Gilbert Construction (fo. mines quartzite grayel near
Courtland, Cochise County, (fig. 63, No. 3), which is used in the Dou-
glas smelter. The gravel is derived from the onterop of Bolsa Quartzite
of Cambrian age, along Turquoise Ridge. Phelps Dodge Corp. and
O. Brice Willis mine Coronado Quartzite of Cambrian age, near
Morenci, Greenlee County (No. 4) for the Morenci smelter. The San
Antonio Mine Co. supplies quartz from a pegmatite body southwest
of Ajo (No. 5) which is used to supplement siliceous flux mined in the
Ajo open pit for the Ajo smelter. The San Manuel Division of the
Magma Copper Co. mines Precambrian or Cambrian quartzite from
the Camp Grant deposit along the west side of the San Pedro Valley,
Pinal County (No. 6) for use in the San Manuel and Magma smelters.

Arizona cannot be considered a source of more than an occasional
specimen of optical or electronic grade quartz crystal but the occur-
rence of quartzite and non-crystal-grade quartz is so widespread and
plentiful in the southwestern half of the State that only a few notable
occurrences are cited here. Large masses of coarsely crystalline to mas-
sive quartz are found in the pegmatite zone extending from north-
western to southeastern Arizona (Jahns, 1952, p. 6). Only the Taylor
and White Spar deposits, north of Kingman, Mohave County, have
been extensively worked. The Taylor deposit is described in “Feld-
spar” (seo p. 342) and the White Spar, a short. distance further north,
is a similar large pegmatite body containing mainly quartz. The prod-
uct is sold in the California market for abrasive and ceramic uses.
Jahns (1952, p. 60) noted that quartz of abrasive, ceramic, and fusing

rade would be an expected byproduct of feldspar mining in the White

icacho pegmatite district in southern Yavapai County (No. 7) but
noted that the distance from markets would be an unfavorable eco-
nomic factor. This district also is briefly described in “Feldspar”.

The major quartzite deposits of Arizona are of Precambrian or
Cambrian age and include the Troy, Dripping Spring, Bolsa, and
Coronado Quartzites, of sedimentary origin, in southern Arizona and
the Shinumo Quartzite and the metamorphic quartzite beds of the
Vishnu Schist in the Grand Canyon area. Only the quartzites of sedi-
mentary origin have been of commercial importance as metallurgical
flux but they tend to vary from place to place in quality and thickness.
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Fiaure 63.—Quartz and quartzite in Arizona.
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The Mazatzal Quartzite (Wilson, 1939), of Precambrian age, occurs
in scattered localities in central Arizona but appears to be of little
commercial importance. Bryant (1959, F 40—41) and others have
recognized quartzites that might be used locally in the Scherrer For-
mation, of Permian age, in some mountain blocks of southeastern
Arizona. Most of the quartzites or formations containing quartzite
units are listed in table 5 (p.40).

~ OvrLook

The development and production of quartz and quartzite in Arizona
depends on available markets within economic shipping distances.
The market for abrasive, ceramic, and fused quartz is rather limited
and at present is well supplied. The market for (}uartz and quartzite
for construction and decorative purposes is small and less expensive
substitutes are abundant, The principal market for quartz and quartz-
ite in Arizona is as metallurgical flux, a low price product, but this
market is closely controlled by the needs of the copper smelters and
any large increase in such use is not foreseen.
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SALINES

(By H. Wesley Peirce, Arizona Bureau of Mines, Tucson, Ariz.)

INTRODUCTION

As used in this report the term “salines” comprises a group of
readily soluble substances, or salts, that may occur separately or in
combination, and either in solution (sea water or brines) or as solids
“(evaporite éeposits). Of principal economic interest are chlorides
of sodium (halite or common salt) and potassium; sulfates and car-
bonates of sodium; borates; and bromine and iodine. In the United
States, products annually derived from naturally occurring salines
(exclusive of sea water), are valued in excess of $500 million.

Because a salines industry has not yet been developed in Avizona,
all of the essential products in this category are imported from other
states. However, because of Arizona’s industrial growth, it is only
a question of time before some of the State’s saline resources are
developed.

v
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Of the principal saline resources, only significant quantities of
sodium chloride, potassium chloride, sodium sulfate, caleium sulfate
(gypsum), and natural brines are known in Arizona. These are de-
scribed below and shown in figure 64 except for gypsum, which is
described in a preceding part of this report (see p. 871, and fig, 57).

Sobprom CHLORIDE

Naturally crystallized sodium chloride is common rock salt, or
halite. Solid deposits of halite may either be mined conventionally or
subjected to solution extraction and reprecipitation by brining opera-
tions. In addition, natural brine lakes, or sea water, may be evaporated
to produce sodium chloride. In the United States, in 1965, 36.4 million
short tons of sodium chloride were processed to yield products valued
at more than $215 million (U.S. Bur. Mines, 1967, p. 547). The chem-
ical industry, producing chlorine, caustic soda, soda ash, and other
products, consumed 66 percent of the total production. Salt used for
snow and ice removal was second, accounting for 13 percent, and
ordinary table salt amounted to only 3 percent of the total. It is
estimated that over 50,000 short tons of salt are imported into Arizona
from New Mexico and California each year, the major use being as a
feed supplement, principally for cattle. .

Sodium chloride is widely distributed in Arizona, occurring in many
surface and subsurface waters as well as in deposits as erystalline ma-
terial. Because salt deposits accumulate by evaporation of salty water
under a wide range of circumstances, there is a wide range in the
nature and size of salt accumulations. However, only the large deposits
in the State are of immediate interest. These are discussed below under
east-central, northwestern, and central Arizona.

BAST-CENTRAL ARIZONA

The oldest known salt deposits in Arizona are in the Supai Forma-
tion (Permian) in the subsurface of southern Navajo and Apache
Counties in the southern part of the Colorado Plateaus provinece (fig.
64) under an area generally referred to as the Supai salt basin, which
embraces approximately 2,300 square miles. The principal halite de-
posits, associated with anhydrite, dolomite, and clastic red beds, occur
as discontinuous units or zones within an evaporite-bearing strati-
graphic interval between the Fort Apache Limestone Member of the
Supai Formation below and the overlying Coconino Sandstone. This
interval ranges in thickness from about 450 to 1,300 feet, the halite
occurring within the thicker parts (Peirce and Gerrard, 196G6). Depths
to the top of the evaporite interval, which is marked by an anyhydrite-
gypsum zone, range from 600 to 2,500 feet, the deepest parts being in
the northeastern part of the basin.

Knowledge about the characteristics, position, and habits of the
halite in the Supai has been gained as a byproduct from drilling efforts
in search of water, oil and gas, helium, and potassium minerals. Oil
and gas tests generally penetraie the entire evaporite interval while
other tests normally do not penetrate more than the upper part of the
sequence. Drilling designed specifically to determine the nature and
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Approximate outline of area underlajn by halite; 3uestioned where uncertaln
Y(:z{?\, salt basin, of Cenozoic{?} age; Tme, Muddy Creek Formation, of
Tertiary age; Psu, upper member of Supai Formation, of Permian age )
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Approximate(outllne of area underlain b; potash; questioned where uncertain g
0

su, upper member of Supal Formation, of Permian age
8 O6

Sodium sulfate occurrence at surface

(Numbers refer to localities listed in table 37 and referred to in text )

Brine occurrence, spring or well

Frcorn 64.—Salines in Arizona.
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distribution of the halite has not been undertaken. However, indica-
tions are that the principal concentration of halite occurs in a zone
400 feet thick within the upper half of the evaporite interval along a
northeast-trending belt between Snowflake in Navajo County and
Pinta Dome in Apache County, a distance of about 55 miles (fig. 64).

Although the Permian halite deposits in east-central Arizona are
not now being utilized, they are potentially useful. Principal potential
markets in the Four Corners area are related to the cattle industry
and to road deicing. The proximity of the Supai salt basin to the Santa
Fe Railway and U.S. Highway 66, both major transcontinental routes,
is a favorable factor. In addition, the sparse population and limited
agricultural developments in the general area may make these deposits
attractive as possible underground storage sites for petroleum prod-
ucts, helium, or radioactive wastes. Storage cavities can be produced
by either conventional underground mining or by solution mining.

NORTHWESTERN ARIZONA

Large subsurface deposits of high-grade halite are present below
parts of the valley floors of both Detrital and Hualpai valleys in north-
ern Mohave County in the Basin and Range province of extreme
northwestern Arizona (fig. 64). In both valleys, salt was first en-
countered in holes drilled for water wells. Subsequently, in the late
1950’s parts of both valleys were drilled to determine the nature of the
salt and to search for possible associated “exotic” saline components.
In Hualpai valley, Kerr-McGee Oil Industries, Inc., drilled two
holes south of Red Lake playa in secs. 28 and 30, T. 26 N., R. 16 W,
The deepest hole encountered salt about 1,400 feet below the surface
and was still in halite when bottomed at.a depth of 2,608 feet. This
salt interval, consisting almost wholly of halite, is at least 1,200 feet
thick.

In Detrital valley, northwest of Red Lake playa and nearer Lake
Mead, several holes were drilled by the Goldfield Consolidated Mines
Co. in Tps. 29-30 N., R. 21 W. Halite was encountered at depths
ranging between 300 and 800 fect below the surface. The penetrated
salt is reported to have ranged between 500 and 700 feet thick (Pierce
and Rich, 1962, p. 65).

To the north, in adjacent parts of Nevada, halite crops out along the
lower reaches of Virgin valley. The salt under the Hualpai and Detrital
valleys probably represents a depositional phase of the Muddy Creek
Formation (Pliocene(?)). However, the geologic history bearing on
the relations between the origin of the valleys and the accumula-
tion of the seemingly extensive salt deposits has not been worked out
satisfactorily, partly because the valleys are separated by the Cerbat
Mountains, which obscure any obvious physical connection. Also,
the limits of salt distribution along and beneath the elongated valley
floors is yet to be determined. It is possible, however, that buried
evaporite deposits occur extensively within the valley complex that
parallels the Grand Wash Cliffs, both north and south of the Colorado
River.

Thore has been no known attempt recently to utilize the halite de-
posits of the Hualpai-Detrital valleys, although there have been
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reports that preliminary considerations were made to exploit halite

in Detrital valley to supply potential needs in the Las Vegas area.

As underground storage sites, these deposits might be useful and there

could be undiscovered deposits of more highly valued salines in other

parts of the valleys. i
CENTRAL ARIZONA

In Maricopa County a water well in sec, 19, T. 2N., R. 1 W. (fig. 64,
locality No. 5) encountered halite and associated brine at a depth of
2,350 feet in Cenozoic sedimentary rocks (Stulik and Twenter, 1964,
p. 10-11. Total depth of the well is not given, so the thickness and

nature of the salt deposit is not known. In addition, the notation’

“solid rock salt” is included in a description of the bottom sedimentary
rocks encountered in a water well drilled to a depth of 1,452 feet in
sec. 21, T, 2 N., R. 1 W. about a mile from locality No. 5 (Kam and
others, 1966, p. 50). These two oceurrences suggest the possible exist-
ence of a Cenozoic salt basin (fig. 64). Because this area is within 20
miles of Phoenix, plans are currently (1968) being made to determine
the nature of this salt deposit. Should there prove to be an adequate
reserve, Arizona could have a new industry. Exploitation of such a
deposit would involve pumping brine to the surface and recovering
the salt by solar evaporation. '

Porassiuar CHLORIDE

_Naturally erystallized potassium chloride is the mineral sylvite. Syl-
vite, when present, is usually intermixed with halite, the resulting rock
termed “sylvinite.” Although there are other potassium-bearing saline
minerals, sylvite is the principal source of potassium for industry.
“Potash” is the informal term used to describe potassium-bearing
saline deposits. Potassium is an essential plant food element, so its com-
pounds are nsed primarily as fertilizers. In 1966, the United States
produced over 5.7 million tons of marketable potassium salts valued at
more than $116 million, New Mexico accounting for about 90 percent
of the production; in the same year, the United States imported over
2.5 million tons of potassium compounds mostly from Canada (U.S.
Bur, Mines, 1967, p. 535, 536, 540).

In relatively recent times potash deposits consisting principally of
sylvite were discovered in the Permian evaporites of east-central Ari-
zona. Initial recognition of potash in the area stemmed from inter-
!)‘retatlon of mechanical logs run on a hole drilled in 1958 in sec. 23,
T. 18 N, R. 25 ., Apache Clounty. Subsequently, in the period 1963-
6‘6, about 100 exploration holes were drilled in both Apache and Navajo
Counties by six companies who expended several million dollars in an
effort to outline commercial deposits of sylvinite. This drilling deline-
ated a northeast-trending potash zone under an avea of about 300
square miles (fig. 64), about 50 square miles of which projects under
the Petrified Forest National Park and so is closed to exploration.
Although the potash zone is irregularly extensive, details of grade
and thickness have not been released, Exploration activity has slack-
ened recently, perhaps suggesting that the deposits do not justify
major development costs under present conditions.
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The potash zone of east-central Arvizona is within 150 feet of the
top of the evaporite section which, in most places, is marked by an
anhydrite bed. Depths to the sylvinite range between 700 and 2,000
feet below the surface, the shallower depths being to the southwest and
the deeper depths to the northeast along the zone shown in figure
64. Deposits of sylvinite or other potassium salts are not known to
occur elsewhere in the State.

SopioM SULFATE

Sodium sulfate occurs in the natural brines and crystal masses of
playa lakes and as beds in sedimentary rocks. The prineipal sodinm
sulfate minerals are thenardite (Na.SQ,), mirabilite or glauber salt
(N2a,SO.10H.0), and glauberite (Na,S0,.CaS0,). In the United
States sodium sulfate is produced from brines and as a byproduct of
various chemical processes. Its principal use is in the digestion of pulp-
wood used in the kraft paper and paperboard industry.

In Arizona, the only known sodium sulfate deposit of significant
size occurs in the Verde Formation (Cenozoic) 114 miles southwest of
Camp Verde in Yavapai County (fig. 64, locality 8). A flat-lying
sedimentary unit, 414 feet thick, contains a mixture of thenardite,
mirabilite, glauberite, halite, gypsum, and clay. The deposit was
exploited for a number of years prior to 1933, when, for economie

reasons, operations ceased. Current transportation and beneficiation

costs handicap the further development of this occurrence.

Naturar BriNes

Natural brines, as used in this report, are naturally occurring waters
that contain a high concentration of dissolved solids. Saline waters
containing dissolved solids in excess of 35,000 parts per million have
been classified as brines (Winslow and Kister, 1956). Flowever, brines
exploited for saline components usually exceed this concentration. In
the United States brines are an important source of common salt,
potassium compounds, hromine, borates, lithium, iodine, magnesinm,
sodium earbonate, and sodimn sulfate.

In Arizona, highly saline waters are encounfered in wells, springs,
and in playa lakes, but there has been no known attempts in recent
years to commercially exploit such waters, Regardless of exploitahility,
however, saline waters might lead to hidden saline deposits, Table 37
lists the prineipal brine oceurrences in Arizona. The saline contents
of water wells Nos. 3 and 4 (fig. 64) in the Verde Valley are associated
with the sodimn sulfate deposits in the Verde Formation. Similarly,
the association of the brines with “rock salt” in the water well at
locality 5, west of Phoenix, has been mentioned. The source of the
salt in Orange spring at the Salt Banks along Salt River just helow
the bridge on State TTighway 77 (locality 1) is not known. The source
of salines in the water well at Joeality 6 near Saflord, in Graham
County, may be from halite because discrete halite erystals within a
muddy matrix were noted in samples taken from a nearby water well
drilled in see. 26, T. 7 S., R. 26 E. Brines are also present in some of
the oil wells in northern Apache County (locality 7) on the Navajo
Indian Reservation,
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TABLE 37.—SELECTED BRINE OCCURRENCES IN ARIZONA
Locality . Total dissolved
No. in Name and location solids in parts Remarks Reference
figure 64 per million
) D Orange spring, Salt Banks on 37,300 Dissolved solids largely Feth and Hem, 1963,
: Salt River, sec. 13, T.5 N, sedium and chloride. p. 39,

R. 16 E., Gila County.

2o 6-foot augerhole, Willcox 106,000 Dissolved solids largely Brown and others, 1963,
Elaya. sec. 4, T.155, R. 24 sulfate, chloride, and p. 82

., Cochise County. sodium. i

k I Water well, Camp Verde, sec. 176,893 Dissolved solids largely Smith and others, 1963,
32, T.IAN,R5E, sulfate, chloride, and p. 2L,
Yavapai County. sodium,

[ P Water well, Camp Verde, sec. 80, 300 | Dissolved solids largely Twenter and Metzger,
15 T.13N,R.5E, sodium ang chloride. 1963, p. 92.
Yavapai County. )

Water well, sec. 19, T.2 N, 191,000 Dissolved solids largely Stulik and Twenter,
R. I W., Maricopa County. sedium and chloride. 1964, p. 25.
Water well, Satford, sec. 22, T. 120,000 Dissolved solids {argely L. R. Kister, oral

7S., R, 25 E., Graham County. sodium and chloride; © commun., 1968,

sample taken from depth
of 1,250 feet.

) R il wells in Four Corners () °  Brines sssociated with oil.___ Arizona Oil and Gas
Eegco?. northern Apache Conserv. Comm.
ounty.

1 No information.

According to Arizona Oil and Gas Conservation Commission
records, about 30,000 barrels of saline water are produced from these
wells each month, but no information is available on the composition
of the saline material. Relatively high bromine contents have been
reported from brines in some:wells in southeast Utah (ITite, 1964,
p. 213) that are associated with evaporite deposits of the Paradox
Member of the Hermosa Formation (Pennsylvania). Although some
oil occurs where the Paradox Member extends into Arizona, evaporites
other than minor gypsum-anhydrite are not known to be present.

OuTtLooK. e ‘

The potential for exploitation of Arizona’s saline resources varies
according to projected usage and the economic conditions surrounding
each use. The development of a local sodium chloride industry is possi-
ble within themear future whereas the development of an industry to
exploit potassium chloride in the Supai salt basin near Holbrook in
the near future seems doubtful. The indirect use of halite deposits as
storage sites for petroleum products, natural gas, helium, or radio-
active wasteés is a possibility, especially those near processing plants
and existing transportation routes.

The possibilities for discovering new saline resources in Arizona are
good, especially by accidental encounter during drilling operations in
the basins of the Basin and Range province.

’
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SAND AND GRAVEL

(By 8. B. Keith, Arizona Bureau of Mines, Tucson, Ariz.)
InTRODUCTION

Sand and gravel are the most common and important industrial
rock products used, exceeding in total tonnage the production and use
of any other rock material in the United States. In Arizona, the an-
nual tonnage used outranks that of any other mineral resource and
ranks second to copper in total value.

Sand and gravel consist of unconsolidated detritus ranging from
the finest powdery silt and clay to large boulders and are defined by
size as shown in table 38. In normal commercial usage, sand is com-
monly classified as “granular particles passing the 34-inch (aperture)
sieve and almost entirely passing the No. 4 (4.76 millimeter or ap-
proximately 3;4-inch) sieve but predominantly retained on the No. 200
(0.074 millimeter or 74 micron) sieve.” “Gravel is granular material
predominantly retained on the No. 4 sieve” (Am. Soc. Testing Ma-
terials, 1967, pt. 10, p. 83). No upper size limit is specified for gravel
but material over 214 inches in diameter is usually rejected by sereen-
ing or crushed to a smaller size. Although artilicially crushed and
pulverized stone is not reported as sand and gravel, the products from
processing friable sandstone and weakly cemented conglomerate and
the erushed oversize material from sand and gravel operations usually
are so reported. Aggregate is a term commonly used for sand, gravel,
and broken stone, particularly when mixed with cement, lime, or
hituminous material to make concrete, mortar or asphalt surfacing.
The physical characteristics and chemical composition of sand and
gravel affect their use but are too variable to be included in any
definition.
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TABLE 38.—CLASSIFICATION OF DETRITAL PRODUCTS BY SIZE (AFTER C. K. WENTWORTH, 1922)

. Size of screen aperture ASTM standard
mesh No,
Material and size categories Larger than Smaller than
Mili- Inches  Microns  Milli-  ~ Inches  Microns  Retain Pass
meters meters .

Sand and gravel particles may be angular to rounded and elongated

to spherical in shape, depending on the characteristics of the parent
materials and the amount of disintegration and abrasion that has
taken place. The sand grains and rock particles may consist of one or
more minerals but erystalline quartz, one of the most common min-
erals, usually predominates and is the most desirable constituent.
Other common minerals in sand and gravel are feldspar and mica. The
presence of more than minor amounts of silt and clay or other soft,
friable, unsound, and chemically active materials such as mica, kaolin-
ized feidspar, amorphous silica, carbonaceous matter, iron oxides, and
salts normally are undesirable. The specifications for sand and gravel
for construction use have become increasingly strict in recent years and
careful field checks and laboratory testing often are required to deter-
mine the suitability of a deposit for exploitation, The specifications for
industrial sand, sand used for specialized purposes other than construc-
tion, are even more stringent. Table 89 lists the general uses and speci-
fications for sand and gravel. For additional information on specifica-
tions and use see Lenhart (1960) and Cotter (1965). o

Sand and gravel deposits result from the natural disintegration and
abrasion of rock through the combined action of weathering and ero-
sion. The character of the deposits depends on the original rock con-
stituents, the type and duration of the disintegration and abrasion
processes, the manner and distance of transportation, and the form and
manner in which the products are deposited and, or, reworked. Most
rocks can yield sand and, or, gravel but the products from diflerent
rocks vary greatly in quality and size and shape of particles. Sandstone
and conglomerate are excellent source rocks for sand and gravel, Fri-
able sandstone yields sand but little or no gravel. Dune and beach sand-
stone deposits are common sources of high quality industrial sands and
some beach gravels make excellent aggregate. Limestone and dolomite
can yield good sand and gravel deposits hut shale and schist are poor
sources. Quartz-rich, fine- and even-grained granitic rocks and diabase
generally are good source rocks for sand and, or, gravel and, of the
volcanic rocks, basalt is an excellent source of aggregate. Some gneisses
yield good sand but most gneisses yield poor gravel due to their lami-
nated structure and high mica content. ‘
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TanLe 30—General uses, specifications, and supplics of sand and (rurel

I'se Material Phvatcal properties Chemical properties Arfzona supplies

tonstruction

Cancrete Sand Clean, well-atzed, hard, Itigh silica content as Plent{ful, but
durahle particles, No cryataliine quartz but Sources vary as to
weak, soft, friable, or low ta amornhous silica’ accessibllity and
coated materfal auch as (cherty nnaltne silica, qualitv and re~

clay, loam, mica,
salts, or oxides,

and velramic ¢ asy’, fnulre testing,
alkall salte, and or-
panic matter,

Gravel Clean, well-sized, hard, do. Varv between areas
durable, and sound par- in quantity,

Plaster and Sand

ticles, cubical to
spherical in shape,

Sizing should be minus

anality, and
accessibilitv,

Plentiful, but test-

mortar No. 4 mesh but not ing required,
eilty. Other proper-
ties similar as for
concrete,

Road base Sand - Same as for concrete ex- Impurities are less im- TMlentiful.
cept sizing less im- portant then for con-
portant and small crete, except for or-

amount of clay often ganic matter,
desirable.

Cravei flard and durahble partf- do. « Adequate, but not
cles of 1 to 1-1/2 equally available
inches in diameter with in all areas.

soecified vercentage of
fines and clav.

Bituminous Sand Clean, well sized, fine Generally not {mportant, Adequate, but can
road mix grained; angular sand substitute crushed
(black top) preferred as it pro- and broken stone

vides maximum surface and volcanic cin-
for oil absorption. ders.,
Gravel Clean, anpular, well- do, Adequate, but not

aized stone, 1 to equally avatlable

1-1/2 {nches in in all areas, Can

dismeter preferred, substitute broken
stone, volcanic
cindera, and

scoria,
Raflroad Sand and  Clean, angular, fairly do, Generally not used
ballast gravel coarse, well-sized because crushed
material that will and broken stone
pack and set, in accessible and
more suitable,
Fil1 Sand and  Depend on conditions and do, Plentiful in moat
gravel purpose of use, Vary areas,

from "as {s" to spect~
fied qualities,

Industrial
Abrasives
Sandblasting Sand Sound, precisely aized, Should he almost pure Adequate supplies,
hard, tough grains, erystalline quartz and but sources re-
Depending on use, re- free of clay, coated quire careful pro-
quired shape may be grains, or other for- ceasing and test-
rounded, subangular or efgn material, ing.
angular and size may
be fine to coarse,
Glass Sand Clean, washed, evenly Should be almost pure Some suitable de~
grinding sized, sound, hard, crystalline quartz very posits but require

rounded to subangu-
lar grains between
30 and 100 mesh,

Iow in impurities, careful processing
particularlv iron, and testing.

P
P
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TABLE 39.—Gencral uscs, specifications, and supplies of sand and gravcl—Con,
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TaBLE 39.—Gceneral uses, specifications, and supplics of sand and gravel—Con.

Haterial

Phvaical properties

Chemical properties

Arizona aupplies

Use Naterial Physical properties - Chemical properties Arizons supplies ise
Industr{ale~ Refractory--
Continued Cont inued
Abrasives— . Ganister mix
Continued (1ining,
patching,
Stone Sand Clean, hard, vell-sized, Should be matnly crystal- Some suitable de- and coating
saving tough, and durable - line quartz hut chert posits but cara- molten met-
graine, 12 to 100 mesh, sometimes used when ful preparatien al contain-
free from flat frag- readily availahle, required, ers or fur-
ments and fines, naces)
turall

Clase manufac- Sand Un{formly s{zed, 30 to Should be plus 99 per- No scurces known, Nlbﬂndedy
ture 200 mesh, clean, high cent crystalline quasrte molding for

quality sand with- vith extremely low light {ron,

out fines or coarme fron, alumina, lime, brass and

grains. No tlmenite, magnesia, and alkali bronze

iron oxides, spinels, content, Manv other castings

aluminus sflicates, elements allowsble only

 manganese oxides, re- in trace amounts, . Processed

fractory minerals, or . molding (te

other colorants per~ form cores

mitted, and molds
sed for

Chenical manu- Sand S{milar to glass wand Same an for glass sand, No known sources ‘f"""‘“‘ and
facture except colorant mate- * nonferrous
(Sodium sili- riale are not as castings)
C;tl or ‘;;19? critical for some uses,
glase, sili-
con carbide Rei:;;;:r{or
or carhorun~ high-acid
dum, will- refractory
cones, gels,
and other
chemicals) Runner lining

and dams in

Matallurgical foundries
Silicon Gravel Clean, well-sized, sound, Should be almest pure Do,

alloys and durahle pebhles, quartz (plus 99 per= Coal washing
(produced generally 1/2 inch disme cent) with very lov
in electric eter or larger, Chert alumina, fron, base-
furnace) and opaline silics not metal oxides, and tita-
f desirable, nium snd no phosphorous
or arsenic, A Filter media
for water
Silcon metal Cravel Hell-sized, dense and do. Do. supply
(produced tough pebbles, 1/2 ) systems
in electric tnch or larger dimm-
furmnace and eter,
used as de-
oxidizer in
setallurgy)
Furnace flux Gravel Clean, well-sized pab~ Should have mora than 90 bo

(for re~ bles, betveen 1/4 percent silica and low :
duction of inch and 4 inches in wvater, ferric oxtide
phosphate diameter, alusina, carbon dlo;-
rock) tde, and calcium

oxide content,

Refractory Hydrofrac (to
; X facilitate
Foundry mofds  Sand Clean, vell siszed 40 to Righ refractory sflica Some depostte may be th: o

for cast- 100 mesh without clay with lov impurity con- suftable but will o e:- £
inge that packs with high tent, require careful fractlon o
permesbility but forms processing, uater, 8am,
a sound etrong mass and ofh)
under compreasion,
shear, and tension, Standard
Furnace Sand Crude silfca eand, 3- Relatively high silica Sose deposits may be testing
lining and mesh to silt sfze and content desfred; minor suftable,
patching containing some honding impurities not fmpor- Traction
clay, fines, and {ron tant, (Particu~
oxide £
. larly for
railwvay
englne and
truck sand
snres)

22-2909 0—69———28

Sand or
gravel

Sand

Sand

Gravel

Sand

Sand

Sand and
gravel

Sand

Sand

Sand

Mixed, variable-sized
5/16 to 10-mesh gravel
or 50- to 200-mesh sand
and refractory clay,
Chert algo used,

Crude sand naturally ad-
mixed with clay of de-
sirable phyaical char—
acteristics,

Well-sized clean sand
with specified permsa~
bility.

Clean aized pebbles.

Crude, coarse-grained
sand with moderate
amount of clay bonding
to give plasticity,

Clean, well-sized, 30- to
100-mesh, subangular
to rounded, aand with
at least 2,64 sp, gr.

Clean, well-sized mate-
rial with no clay or
silt, Gravel should be
durable and rounded
with at least 2.6 sp,
gr. and vhen emplaced
a8 underdrain have at
least 35 percent poros-
ity. Sizing of gravel
in successive layers,
bottom to top, normally
3-1/2 to 3/32 inches,
Overlying sand siziog
may vary but uniformity
desirable,

Clean, sound, tough,
rounded, 20- to 40-
mesh, light-colored
sand; no aggregated
particles or clay,
silt, or organic mat-
ter, High permea-
hility most jimportant,

Very clean dry sand of
selected properties and
characteristics.

Well~sized, 20- to 70-
mesh, angular or sub-
anpular, sound, tough,
free-flowing grains.

Relatively high silica
content,

Should have uniform and
specified silica, alu-
mina, and iron content.

Should have high silica
content and limited
alumine and iron,

Righ silica but not
amorphous, and very low
alumina, iron, lime,
and alkali and no ti-
tania,

Moderately high silfca
content,

Relatively pure crystal-
1line quartz,

fiigh s{lica content with
no iron or

Some deposits way be

auitahble,

No known source,

Some processed sand

may he suitable.

No known source,

Some depoaits may be
auitable,

Do,

Some deposita can be
d to meet

and lov acid solubil-
1ty.

Relatively pure crystal-
1ine quartz.

*

Specifically defined,

High quartz content most
desirable,

pr
specifications.,

Some deposits meet
the requirements,

Some sand suitable,

Some auitahle
sources,
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Residual sand and gravel deposits, which result from the disintegra-
tion of rock in place, are poor sources of sand and gravel because of
chemical alteration and lack of good sizing. Talus deposits may locally
contain poorly sorted, angular gravel, but little sand. Wind action
produces dune sand and wave action produces beach sands and gravels.
In Arizona the most important sand and gravel deposits are the ones
formed by the transportation, deposition, and reworking of detritus by
stream action. Such deposits occur in basin and valley fills, in stream
terraces, in buried and active stream channels, and 1n alluvial fans.

Sand and gra--el deposits are mined in open pits, and the matérials
are transported by truck or belt to stationary, portable, or combina-
tion processing plants where the material is cleaned and classified by
washers and screens. Small amounts of sand and gravel are used in un-
treated form but most material is now processed before use. Construe-
tion-grade sand and gravel are low value materials which can be trans-

orted economically for only short distances. Stationary plants are
Installed at large deposits close to major markets such as cities, and
portable plants are employed where the use is temporary, intermittent,
or frequent moves are required as in highway construction. Combina-
tion plants offer flexibility to meet varying market conditions and to
exploit different deposits. Industrial sand plants are stationary and are
located near the deposits because the sources of such material are more
restricted, the processing more specialized, and the higher value of the
product permits costs of shipment to more distant markets.

. ' " Propuction AND Usk

U.S. producers used or sold 934 million short tons of sand and gravel
valued at $985 million in 1966 (U.S. Bur. Mines, 1967, p. 556). The
construction industry consumed almost 97 percent of the output, which
was used mainly in concrete. Federal, state, county, and municipal
agencies or their contractors accounted for over 25 percent of the total
tonnage. Over 86 percent of the production was processed for use and
the ratio of sand to gravel was 2: 3. Industrial sand made up less than
3 percent of the total tonnage but accounted for about 9 percent of the
total value; a minor amount was unclassified as to use. Most of the in-
dividual sand and gravel operations produced less than 200,000 tons
during the year but-collectively such operations accounted for more
than one-third of the total output. : ‘

Figure -65 shows the estimated and recorded annual tonnage of
sand and gravel produced and used in Arizona for the 1900-66 period
and figure 66 shows the annual value of the production for the same
period: The: tonnage of sand and: gravel produced in Arizona for
the 1900-66 period totaled more than 212 million tons and had a value
of more than $200 million. These figures are based on incomplete data,
however, especially for the 1900-38 period. Prior to 1920, no published
figures are available and annual estimates are based on information
in the files of the Arizona Bureaun of Mines. From 1920 to 1938, pub-
lished figures are incomplete and since 1938 some company confidential
data have been withheld.

Figure 67 shows the respective amounts of sand and gravel produced
and used in Arizona since 1920 and illustrates the relatively greater
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F1eure 65.—Annual tonnage of sand and gravel produced and used in Arizona,
900-66.

demand for gravel, particularly during the last 10 years when con-
structional activities in the State increased markedly.

Figure 68 shows the annual commereial and governmental produc-
tion and use of sand in Arizona classified by principal uses for the
years when recorded. As can be noted, commercial use was mainly
for building purposes while governmental use was largely tor high-
way construction (paving).

Figure 69 shows the annual commercial and governmental produc-
tion of gravel in Arizona classified by principal uses for the years
when recorded. Commercial use, particularly in recent years, has heen
divided about equally between building, paving, and fill and other
purposes while governmental use was almost entirely in highway
construction.

The yearly variations in figures 65 through 69 are related to chang-
ing levels in constructional activity as influenced by the installation
of major dams, highways, irrigation ditches, airfields, defense estab-
lishments, and the building of commercial and residential structures.
The Federal Aid Highway Act of 1956 stimulated road construction
in Arizona and the expanding use of concrete was spurred by the con-
struction of cement plants in the State. Both of these factors have had
much bearing on the increased production of sand and gravel.
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F10URE. 66.—Annual value of sand and gravel produced in Arizona, 1900-66.

The State’s annual production and use rose to 21.9 million short tons
in 1961 but subsequently dropped because of strikes in the construction
industry, temporary cutbacks in highway programs, and a slowdown
in construction for lack of available financing, In 1966 the Arizona
production and use of sand and gravel amounted to about. 18.7 million
short. tons with a value of about $20.4 million (U.S. Bur. Mines, 1967,
p. 557). Commercial construction activities accounted for about 43
percent of the total tonnage and 47 percent. of the value.

Governmental production—that in which the entire production was
used in government. projects—consumed most of the balance. In this
category, the Arizona Ilighway Department was the principal user
with a large part consumned in interstate highway construction in
northern and southern Arizona. Other governmental producers were
the various county highway departments, U.S. Bureau of Indian
Affairs, U.S. Burcau of Public Schools, U.S. Bureau of Reclamation,
and the U.S. Forest Service, and some city street departments. There
were more than 70 commereial sand and gravel operators in the State
in 1966, about. half of which were in the Phoenix and Tucson areas.
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F16URE 67.—Annual tonnage of sand and gravel produced and used in Arizona,
1920-66.

Industrial sand production amounted to considerably less than 1 per-
cent of the total tonnage and contributed about 1 percent of the total
value, Almost all sand and gravel was processed, the ratio of sand to
gravel being 5:13.

Table 40 gives a breakdown of Arizona production and use by
counties, showing the number of commercial and governmental opera-
tions, the total tonnages of sand and gravel produced and used, the
ratio of sand to gravel, and the types of plants and products. Portable

lants were used at several operations, so the number of plants
isted in the “Notes” column in table 40 does not necessarily correspond
with the number of operations listed in the second column.
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Fraure 68.—Annual tonnage of sand produced and classified b& principal uses
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Figure 70 shows the general areas or locations of known commercial
sand and gravel operations in Arizona, classified by 1966 annual pro-
duction. As indicated in the figure and in table 40, the Phoenix area
(fig. 70, No. 1), Maricopa County, accounts for a major share of the
production; followed by the Tucson area (No. 2), Pima County ; the
Florence area (No. 3), Pinal County; the Camp Verde area (No. 4),
Yavapai County; and the Yuma area (No. 5), Yuma County. Other
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TABLE 40.—T'onnage of sand and gravel produced by counties in Arizona in 1966.

[Data from Larson and Henkes, (1967), and unpublished file
information, Arizona Bureau of Mines

No. of oper- o !

ations (Com-
County mercial, C; Short tons Dollars
governmen= :
tal, G)

Sand:gravel

ratio . . . Notes

Apache 1 () 554,000 761,000 1:112,6 Statfonary commercial plant at Houck
8 (8) produced processed hydrofrac and
blast nand. State and federal
agencies processed sand and gravel
in portable plants, mainly for
Interstate Highway 40,
Cachine {c) 1,465,000 1,474,000 1:7.4 Two etationary and one portable com=
©) mercial operations supplied pro-
cesned aand and gravel for building.
State processed aggregate in a
portable plant, mainly for Inter-
state llighway 10, Produced small
amount of unprocesmed fill,

»~w

Cocontino

~

) ~795,000 ~800,000 1:6,1 tne atationary and two portable com~—

@) mercial plants supplied processed
sand and gravel for bullding and
paving, Some unprocesned mand and
gravel used for miscellaneous pur=
posen, Mne portable State plant
used to produce aggregate, mainly
for Interstate Highway 40,

Gila (c) 246,000 292,000 1:5,3 One stationary and one portahle cow-

(G) mercial plants processed sand and
gravel for building and paving.
State and county agencies operated
two portable plants for paving
aggregate,

wn

Graham 1 () ~114,000 ~126,000 1:2.6 One atationary cormercial plant pro=~
1 (6) cessed sand and gravel for building.
State operated one portable plant
for paving aggregate,

Creenlee 0 (C) 113,000 112,000 1:3,9 State and county agencies operated
5 (6) two statfonary and one portable
plants to supply processed aggre-
gate for paving.

Maricopa 20 (€) 6,654,000 7,474,000 1:1,6 Sixteen stat{onary and three portabla
18 (G) commercial plants processed sand
and gravel mainly for budlding but
aome used for paving and fill,
State and County used one portable
plant to supply paving aggregate,

Hohave 4 (C) 1,553,000 1,612,000 1:5,8 One stationary, one portable, and one
13 ©) " combination commercial plants pro~

cegned sand and gravel for building,
paving, and miscellanecus uses.
Federal, state, and county sgencies
operated two portable plants, main-
1y for paving aggregate for Inter-
state Nighway 40, .

One atatidnary and two portable com-
mercikl plants processed sand and
gravel for building and paving.
Unprocessed sand Ei11 also pro-
duced, Federal, state, county, and
municipal agencies operated four

’ . portahle plants for paving aggre~

gate, building gravel, and f11l.

Navajo 3 () 1,116,000 1,108,000 112.9
15 (©) . .
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TaBLE 40.—Tonnage of sand and gravel produced by counties in Arizona
in 1966.—~—Continued

No, of oper-
atfons (Com=
County mereial, C3 Short tons Dollars
governmen-
tal, G)

Sand:gravel

ratio Notes

Pima 16 (C) 1,437,000 1,581,000 1:1.3 Thirteen atationary and two portahle
2 (6) commercial plants produced sand and
gravel mainly for building but mome
used for paving, fill, and other
miscellaneous use, A few tons of
blast and engine mand also pro- =
duced, State and county agencies
operated two portable plants for
paving agpregate,

Pinal 8 (€) 596,000 841,000 1:1,4 Fi{ve atationary and three portable
5 (6) commerctal plants processed sand
and gravel, mainly for huilding and
mine use, and for paving, fill, and
niscellancous other uses, State
and countv apencties opcrated two
portable plants for paving aggre-
pate and Filt,

Santa Cruz 1 () 496,000 496,000 1:4,3 One portable comercial plant pro-
4 (0) cessed aand and pravel for huilding,
State agency bperated portable
plant for highway construction
agnregate.

Yavapai 7 (o) 1,756,000 1,819,000 1:3.6 Four atatipnary, one portable, and
10 (5) four comhination commercial plants
supplied sand and gravel, mainly
for building and minor amounts for
paving and fi11, Federal, state,
and county agencies operated one
portahle and two combination plants
for paving aggregate, some fill,
and miscellaneous other uses.

Yuma 8 () 1,835,000 1,952,000 1:4,5 51x stationary and two portable com-
7@ mercial plants processed sand and

gravel for building and some
material for £i11 and miscellaneous
other uses, State and county
agencies oparated one portable and
three combination plants for paving
aggregate and £{11 for Interstate
Highway 8 and other roads.

Total 8 (C) 18,730,000 20,448,000 1:2.6
104 (6)

commercial productive areas and localities are Houck (No. 23), Apache
County, for industrial sand; Bishee (No. 16) and Wilcox (No. 17),
Cochise County ; Flagstaff (No. 9), Coconino County ; Globe (No. 6;,
Gila County; Safford (No. 18), Graham County; Kingman (No 12),
Lake Havasu (No. 13), and Bullhead City (No. 26), Mohave County ;
Taylor (No. 8) and Holbrook (No. 24), Navajo County; Mammoth
(No. 7), Casa Grande (No. 20), Kearney (No. 19), Superior (No. 21)
and Apache Junction (No. 22), Pinal County; Nogales (No. 15),
Santa Cruz County; Prescott (No. 10), Perkinsville (No. 11), and
Clarkdale (No. 25), Yavapai County; and Parker (No. 14), Yuma
County.

The value of sand and gravel is variable and commercial competi-
tion in Arizona is strong. Contrary to the normal economic trend,
prices generally are lower in times of high demand since many small
producers only operate during such periods and thus provide increased



113

. .
S E 2 e = A,l2 i

|
Il ~ \
. somues ~ r—-1saura cmuz |

v
H
t
I
L

T
2
c

N

e
Ad
A * R

&

S
2z
/

CHISE

R T~
EXPLANAT 10N

Areas or localities of sand and gravel operations
. . (Size categories are lndicated by 1966 production in short tons)

' o*
100,000 to 500,000

6
More than 5,000,000

9 £0,000 to 500,000

16
®
1,000,000 to 2,000,000 Less than 50,000
(Hunbers refer to areas or localities mentioned in text)

L !

Region boundary

F1eure 70.—Sand and gravel operations in Arizona.
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competition in the available markets. Fignre 71 shows the average
annual values per short ton for commercial government-produced
sand and gravel in Arizona since 1920. These values show considerable
variation due to numerous factors such as the location of deposits with
respect to markets, the quantity and availability of the desired mate-

rial, and the transportation and processing costs.
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SoUrces oF SurrPLY

Sand and gravel deposits occur in all counties of Arizona but the
amount and quality of the deposits vary greatly between localities
because of the diflerent geologic, topographic, and climatic conditions.

Based on the characteristics of the sand and gravel deposits, Ari-
zona can be divided into three regions—referred to here as the plateau,
mountain, and basin regions, respectively.

The northeastern part, referred to as the plateau region, includes
most of Apache, Navajo, Cloconino, and northern Mohave counties (fig.
6), and is marked by wide plateaus drained by broad stream valleys,
scattered buttes, mesas, and a few voleanic peaks and mountains. In
the western part of the region, the plateau uplands are deeply incised
by the canyons of the Colorado River system. The predominant rocks
are essentially flat-lying sandstone and limestone but along the south-
ern border, in southern Coconino, southern A pache, and southeastern
Navajo Counties, extensive basaltic flows and cinder cones cover the
sedimentary rocks. The average altitude is more than 5,000 feet and
there is considerable daily and seasonal climatic variation. Except in
local high elevations, rainfall generally averages less than 15 inches
per year and the vegetation is sparse and serubby.

Disintegration of rock is carried out mainly by diurnal changes
in temperature, freezing and thawing, intermittent rainfall, and wind.
Transportation of the disintegration products is mainly by stream flow,
sheetwash, and wind. In general, the rocks produce sand but little
gravel, The best commercial deposits occur along the streams and
washes in local bars and terraces but. they are rather thin and limited
in area. Some indnstrial quality sand occurs mainly in the Bidahochi
Formation, of Pliocenc age, in the Navajo Indian Reservation, Apache
and Navajo Counties (Kiersch, 1955, p. 95-98). In 1968, a sand deposit
a few miles northwest of Houck (No. 23) was being mined and proe-
essed for hydrofrac and sand blasting purposes. The sand is unconsoli-
dated, fairly coarse grained, well rounded and sized, and is nearly
pure quartz. Local dune and terrace deposits, of Quaternary age, also
are known. Although too impure for glass manufacture, many of these
sands may be acceptable for other industrial uses (Kiersch, 1955, p.
95-98).

The mountain region is an irregular belt that trends diagonally
across the middle of the State. The topography is rugged, remnants of
plateau features are present locally on intervalley ridges, and a few
areas such as the Chino and Tonto basins have topography that re-
sembles the southern part of the State. Closely spaced steep sided
ridges and valleys with relatively high stream gradients are character-
istic of this region. The surface rocks range from Precambrian to
Cenozoic in age and include sandstone, quartzite, shale, schist, lime-
stone, dolomite, granitic and diabasic intrusives, and basaltic and da-
citic flows, Altitudes generally are less than 5,000 feet. ’

(Timatic conditions are similar to those of the plateau region except
for higher rainfall and more abundant vegetation. Such conditions
permit the accumulation of good quality, but generally small, allnvial
deposits of sand and gravel along the stream channels and in
terraces along the valley sides, Such deposits generally contain a high
gravel to sand ratio with little or nosilt orclay.
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Most of southern and western Arizona, the basin region, is marked
by scattered mountain ranges, containing numerous indurated rock
types, separated by broad, flat, debris-filled valleys and plains, Thick
and extensive beds of poorly consolidated gravelly and silty outwash,
derived from the mountain ranges, are common in the basin areas.
These valley and basin fills are mostly Cenozoic in age and consist
mainly of sand and silt ecapped in many places by a thick, near-surface
layer of caliche. Gravel, if present, is either sparsely scattered through
the sand and silt or locally oceurs in terraces and relatively small
buried bars and old stream channels, generally near the mountain
fronts.

Rainfall generally is sparse and occurs mostly in sporadic local
thunderstorms and cloudbursts. Transportation and deposition of
much fragmental material is by sheetwash. Vegetation is scanty and
diurnal temperature changes are fairly extreme, except in the moun-
tains. The best deposits of sand and gravel occur in alluvial fans
along the mountain ranges where intermittent streams constantly
supply new detritus and rework the older deposits. Stream channels
and dry washes have yielded a large part of the sand and gravel pro-
duction but in gencral the deposits have a high sand to gravel ratio
and considerable washing and screening is required to produce ac-
ceptable high quality products.

RESOURCE SUMMARY

Arizona has ample reserves and resources of sand and gravel for
constructional purposes but the remoteness from markets and the lim-
ited accessibility of many deposits limits their exploitation.

In the plateaun region good sand is plentiful and some of it is of in-
dustrial quality, but good gravel is scarce, particularly near population
centers or along main transportation routes. Fortunately, volcanic
cinders and scoria are available and more accessible and, thus, are used
extensively as a substitute for gravel. The production of mdustrial sand
in Arizona presently is small but the resources are large and could sup-
ply a greatly expanded market.

In the mountain region are fairly abundant local resources of sand
and gravel but the deposits in most parts are inaccessible and too far
from the major markets.

In the basin region, particularly in the Phoenix and Tucson areas
where the principal markets exist, the best and most accessible alluvia
deposits have been or are being exploited. These deposits generally are
thin but are frequently recharged with new material by intermittent
stream action. The sand content greatly predominates and gravel gen-
erally occurs only in local lenses and bars. Processing almost always is
required and a large amount of material is rejected as waste. Another
serious problem for producers is conflict with urban growth. As the
cities expand, sources of sand and gravel are eliminated by restrictive
zoning and increased land values. Thus, sand and gravel producers are
forced to find deposits that are less satisfactory in quality or quantity
or are more distant from the markets. Such problems in the Tucson
area are described by Williams (1967) and in the United States by
Davidson (1965). Generally, however, Arizona has great resources of
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sand, but coarser aggregate is quite limited. With the large and in-
creasing demand in the State for coarse aggregate, crushed and
broken stone will likely become a major substitute for gravel in the
near future. . ‘
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SANDSTONE - o Co

(By 8. B, Keith, Arizona Bureau of Mines, Tuscon, Ariz.)
CILARACTERISTICS AND SPECIFICATIONS

Sandstone is n rock composed essentially of quartz grains com-
pacted and cemented into a moderately indurated mass. By definition,
size of grain varies from 1/16 to 2 millimeters in dinmeter and grain
shapes generally are subangular to rounded. Quartz, with a hm‘ﬁness
of 7, is one of the toughest and most durable minerals. In addition to
quartz, variable amounts of other minerals such as feldspar, mica, gar-
net, magnetite, hematite, goethite, zircon, caleite, dolomite, and clay
may be present’ and their relative amounts can affect the strength
and quality of a sandstone. If the rock contains 10 to 25 percent feld-
spar it is called feldspathic’ sandstone and if more than 25 percent.
feldspar it is known as arkose. Both feldspathic sandstone and arkose
can make good quality stone. Micaceous sandstone contains abundant
mica flakes and is commonly weak. Ferruginous sandstone contains
abundant iron oxide grains and if sizable amounts of clay particles
are present the stone is called an argillaceous sandstone. Excessive
amounts of either iron oxide or elay ave detrimental.

The degree of compaction and the type and abundance of the cement-
ing material play a large part of determining the density, porosity,
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hardness, toughness, and durability of a stone. A carbonate cement
may form a physically strong and easily worked sandstone but the
bond between the grains is subject to chemical attack. A high clay
content in the cement makes a weak and friable sandstone that can
absorb water readily. Cement rich in ferric iron oxide may be strong
whereas substantial ferrous iron makes a weak cement. Siliceous ce-
ment, usunlly quartz, is the most durable, physically and chemically.
Sandstone that is so well cemented by silica that the rock breaks
equally well through grains and cement is ealled quartzite, It is dis-
cussed in “Quartz and quartzite” (sce p. 413).

The grain size and shape, the uniformity of grain size, the porosity,
nature of impurities, and the color are important commercial consid-
erations of sandstone. Fine- to medium-grained, uniformly sized, well-
compacted siliceous sandstone of low porosity and pleasing color or
color pattern is most favored. The porosity of sandstone ranges from
about 1 percent to more than 20 percent. Relatively “wet” stone, which
holds moisture in the pore space when quarried, is easier to split, cut
and shape than “dry” stone. However, porous sandstone can resorb
moisture if later exposed to a humid or rainy climate and this factor
may be detrimental as far as durability is concerned, especially where
exposed to freezing and thawing conditions. The color of sandstone
depends largely on the presence of minerals or substances other than
quartz, either as grains or as cement. Most commonly they are white to
hght gray or tan when relatively pure quartz and silica are present,
and hues of yellow, brown, buff, and red are due to various iron oxides
in the cement or as coatings on the sand grains. Hematite is a stable
ferric oxide that produces hues of red, buff, and brown. Limonite, a
mixture of hydrous ferric oxide minerals, generally produces yellowish
colors that may change to browns and reds upon weathering. Stone
containing limonite may be unsatisfactory because it develops irregular
staining and discoloration when subjected to the weather, .

Sandstone originates through the physical and chemical disintegra-
tion and decay of siliceous rocks by weathering and erosion; the trans-
portation, abrasion, sorting, classifying and further disintegration of
the mineral grains by water and wind; and the deposition of the more
durable mineral grains, such as quartz, in limited to extensive beds of
various thicknesses. Most sand deposition takes place in lake or marine
basins in the form of sand bars, beaches, deltas, and channel deposits.
It also occurs subaerially and produces sand dunes generally in wide
flat areas. Burial by subsequent sediments causes compaction, and min-
eral-bearing water percolating through the beds precipitates cement.
between the grains. Most sandstone layers show distinetive bedding
planes which represent more or less parallel planes of separation be-
tween individual layers or beds of various thickness. Bedding planes
represent changes or interruptions in deposition and can be continuous
over wide areas if horizontal or they mity be local in extent as in cross-
beds, which are sharply inclined to the horizontal, as in sand dunes. In
dunes the cross-heds appear to be truncated by the general plane of
stratification. Bedding planes, called “rift” by the sandstone industry,
are important commercially because they determine the direction
which the stone can be split most easily. The spacing of the rift deter-
mines the thickness of the layer that can be quarried. Bed seams, joints,
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cutters, reeds and run are other terms used in the commercial sandstone -

trade to describe other natural planes or directions in which the stone
most easily splits or can be cut (Bowles and Barton, 1963).

Due to the nniformity of the stone and its resistance to weathering
and abraston, sandstone has been used widely in the United States as
a building stone and for flagging, uses which ave still popular. Large
solicd blocks, either rough or dressed, are extracted from massive
sandstone heds. Smaller blocks and slabs used for facing, trim, steps,
window sills, caps, and coping are produced from bedded sandstones
that are easily spht or cut into special shapes. Ashlar is a termn used
for cut or sawed and squared sandstone blocks similar to bricks, that
ean be used for facing in walls, ehinineys, fireplaces and general deco-
rative landseaping, Various color and textural patterns can be created
from ashlar, so some producers sell it in unit amounts of various
colors and sizes in order that the huilder ean readily follow set patterns
and avoid wasting stone. Flagging, which is stone split to a thickness
of 1-2 inches from thin-hedded sandstone, has long been popular for
floor tile, stepping stones and sidewalks. Many of the former uses of
sandstone for curbing, paving blocks, abrasive stone, laundry tubs and
tanks, switehhoard panels, and furnace linings have largely or com-
pletely disappeared due to the increased nse of other less expensive
natural or synthetie substitutes such as conerete and silicon carbide.
Crushed and broken sandstone has little nuse except as fill rock and
some other miscellaneous and minor uses.

Sandstone is extracted from quarries where it is split out. in large
sheets or blocks, the size depending on the spacing of (he natural
planes of weakness. These blocks or sheets may be further split, cut to
desired sizes and shapes by hydraulic guillotines or wire saws, and left
rough or dressed by grinding or polishing. Inherently, the quarrying
and preparation of dimension sandstone wastes a large amount of the
stone—as much as 60 percent in many operations.

Propverion ann Use

In 1966 producers in the United States used or sold 405,000 short,
tons of dimension sandstone valued at about $10.1 million, most. of it
quarried in Ohio, Pennsylvania, New York, and Arkansas (U.S. Bur.
Mines, 1967, p. 580)}. About a third of the amount. was sawed building
stone; about, 85 percent. of the total dimension sandstone product was
utilized in building construction, and flagging accounted for most of
the remainder. The average value for building stone in the United
States in 1966 ranged from $16 per ton for rough construction to
more than $37 per {on for dressed, sawed, and cut stone, The average
value for flaggmg was about $23 per ton. For most commercial uses,
sandstone is priced by cubie foot and an average of 13.3 cubic feet per
short ton is often used. .

In 1966 more than 7,000 short tons of dimension sandstone was used
or sold by producers in Arizona (U.S. Bur. Mines, 1967, p. 580). This
figcure, however, included other siliceous rocks. A better estimate of the
quarried stone is about 5,000 short tons valued at $69,000. Of this
amount about. 4,200 touns were sold or used to produce flagging, at an
average price of about $13 per ton, and about 300 tons were sold or
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used to produce rough architectural building stone (ashlar) at an
average price of about $17 per ton. The products produced and sold
from the stoneyards are valued at considerably higher prices, ranging
from $25 to $32 per ton, depending on size, for ashlar veneer; $18 to
$20 per ton for general flagstone, 114 to 2 inches thick; and $22 to
$27 per ton for select flagstone, 14 to 1 inch thick. The balance of the
production was used for rough architectural construction and rubble
at prices of $5 to $10 per ton, A list of the known producers of dimen-
sion sandstone is given in table 41.

Good dimension sandstone has been produced in northern Arizona
since before 1900 and, up to 1966, has amounted to over 350,000 tons
with a value of over $4 million. Burchard (1941, p. 13441346 and pl.
5) reported a number of quarry operations along the Santa Fe Railway
between Flagstaff and ITolbrook that produced alarge amount of Iarge,
red sandstone blocks, probably from the Moenkopi Formation, that
was shipped to California for building construction, and was utilized
in various buildings, including the Federal buildings in Sacramento

"TABLE 41.—Production and use of dimension sandstone in Arizona in 1966

Production
County, area, and quarry Producer {short tons) Source, type, and use
Coconino
Y
Ashfork and Drake areas:
Bacon and Reans John Rowman 100 Coconino Sandstone; rough architectural
stone and flagging.
East Shot Gun R. K, Hamilton 2100 Coconino Sandatone; flagging.
Grand Canyon Hyslip Stone Co, ~3,000 Do,
Not specified Charles R, Ray »>400 Coconino Sandatona; rough srchitectural
building stone and flapging.
Not specified A. B, Ross 200 Coconino Sandstone; flagging.
Bennett Donald Notman ~100 Coconino Sandstone; rough construction
buslding stone and flagring.
Rainbow W. R, Mitchell ~10 Coconino Sandstone; flagging.
Not specified Pete Ross >500 Do.
Gila
Near Pine
Yellow Stone George 0, Gould >60 Do.
Navajo
South of Holbrook in
Taylor aresa Roy Reidhead ~500 Coconino and Moenkopi mandstones; rough
construction buflding stone, rubble,
saved building stone, flagging.
Yavapai
South of Flsgstaff {n
Sedona area Sedona Concrete ~455 Coconino Sandstone; rough construction
Co. building stone, rubble, flagging.

u The Western States Stone Co., Crand Canyon Quarries, Inc., Dunbar Stone Co., and possibly others
1n Ashfork and the Maesta Stoneyard in Williams purchase rough blocks and slabs to cut or sav into
tinished atone products.




445

and Los Angeles. Wilson and Roseveare (1949, p. 46-47) noted that
considerable amounts of sandstone had been used in railway bridges
and that “commercial shipments of sandstone have been made chiefly
from Coconino, Navajo, and Yavapai Counties,” with the out-of-state
shipments going mainly to California. In more recent years, produc-
tion has fluctuated sharply from practically none during the 1940’ and
early 1950's to a range from 22,000 to 42,000 tons a year between 1954
and 1960, Since then the annual production has varied between 5,000
and 15,000 tons. Since 1954, flagging has been the major product and
continues to be in good demand with a large part shipped to the West
Coast.
SoURCES OF SUPPLY

Good standstone for dimension stone is abundant in northern
Arizona. The highest quality stone and the principal source of
production at present is the Coconino Sandstone of Permian age
(McKee, 1934). This stone is eolian in origin and has medium- and
uniformly-sized quartz grains, well cemented with silica. It underlies
the Kaibab Limestone and from place to place overlies either the
Hermit Shale or the Supai Formation throughout a large part of the
Colorado Plateaus province in Arizona, The formation ranges from
less than 80 feet thick in northwestern Coconino County to more than
1,000 feet thick in the Mogollon Rim along the Coconino-Gila County
line northeast of Pine. Further to the southeast it deereases to about
250 feet thick. There it loses its characteristi¢ cross-stratification and
thus is less favorable for commercial use.

As can be noted on the geologic maps of Mohave (Wilson and Moore,
1959), Coconino (Moore and others, 1960), Yavapai (Ariz. Bur. Mines,
1958), Navajo and Apache (Wilson and others, 1960), and Gila
Counties (Wilson and others, 1959), the Coconino Sandstone is well
exposed along the rim of the Grand Canyon, in the canyon walls of
tributary streams of the Colorado River, along the Mogollon Rim,
and in some of the tributary valleys of the Little Colorado River.
These outcrops, however, are usually relatively narrow and inaccessible
due to the resistant capping of the Kaibab Limestone and the steep
erosional slope on the underlying soft Hermit Shale and Supai Forma-
tion. Thus only the more accessible and better exposed outerops can
be shown on the geologic maps. In these areas, such as north of Selig-
man and Ashfork, east of Drake, and south of Holbrook, outerops of
sandstone are readily accessible and well enough exposed over wide
areas to permit quarry operations (see fig. 72). The Ashfork area, in
particular, is now the center of the dimension sandstone industry in

Arizona.

The De Chelly Sandstone (Permian) of the Defiance Plateau and
Monument Valley regions of northeastern Arizona, seems to occupy
a stratigraphic position similar to that of the Coconino Sandstone
but differs from it in some physical and chemical aspects (Peirce,
1958, 1964). The stratigraphic relations of the De Chelly Sandstone
and its thickness and extent are still under study. The upper part of
the De Chelly Sandstone has been quarried locally on the Navajo
Indian Reservation and used as building block, flagging, table tops,
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steps, and for sign monuments (Peirce, 1955). For purposes here, the
Coconino and De Chelly Sandstones are treated together, only noting
their differences. Figure 72 shows the major outcrops of the Coco-
nino and De Chelly Sandstones that could be of commercial impor-
tance. For the most part, sandstones in the Coconino and De Chelly
are relatively flat lying with prominent cross-bedding and generally
widely spaced joints, permitting the extraction of large slabs.. The
Coconino Sandstone has a high silica content, almost everywhere over
90 percent SiO, with minor feldspar, mica, and iron oxide. It is white
to shades of red and brown and the porosity ranges from about 7
percent to 19 percent (Townsend, 1962). Weathered Coconino is poorer
in quality than fresh stone. The De Chelly Sandstone, on the other
hand, is more variable, consisting of interbedded siltstone and thick
layers of cross-stratified sandstone, and has a wider range of grain
size, a si(i;niﬁcant feldspar content, a greater porosity, and is less well
cemented. Some localitics of De Chelly Sandstone in the southern
part of the principal outcrop area north of Sanders could produce
stone; approximately equivalent to the Coconino in quality (Peirce,
1955). ‘

The other Arizona sandstone of major commercial importance
occurs in the Moenkopi Formation (Triassic). The principal acces-
sible exposures are shown in figure 72. The Moenkopi furnished most
of the stone produced prior to the 1930’s, and was quarried mainly in
large blocks as building stone. Several of the buildings at Northern
Arizona University, at Flagstaff, as well as several buildings in Flag-
staff, are constructed of blocks of Moenkopi sandstone. Its production
has diminished due to the substitution of concrete for building pur-
poses and the substitution of sandstone from the Coconino for decora-
tive purposes. The Moenkopi Formation crops out extensively over
northern and northeastern Arizona (see Moore and others, 1960; Wil-
son and others, 1960) and consists of nonmarine, sandy and silty red
beds that interfinger with thin, marine, calcareous sediments to the
northwest. It is thickest in northwestern Mohave County (854 feet
thick at Fredonia), thins eastward (330 feet thick at Flagstaff, 168
feet thick at Snowflake) and pinches out in eastern and southeastern
Apache County.

The best stone is reported to be in a lower massive sandstone in the
basal part of the formation (McKee, 1954). This sandstone is described
as a poorly to fairly well-sorted, very fine- to fine-grained, lenticular
bed, 20 to 40 feet thick, cross-bedded at places, and having uniform
maroon and chocolate-colored beds a few inches to several feet in thick-
ness, commonly separated by thin to thick beds of shale. The sand-
stone beds are generally massive and do not split readily into flagging
but large solid blocks can be quarried and cut and shaped for building
stone, masonry dams, foundations, and riprap. Although having ade-
quate strength for building stone, the sandstone contains only about
80 percent silica, and as much as 4 percent iron and aluminum oxide,
and 13 percent calcium carbonate. It is only moderately hard and does
not retain sharp lines and angles (Burchard, 1914, p. 1344-1345).
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Other sandstones in northern Arizona which locally may be used
for good dimension stone are beds in the Supai Formation of Permian
age and in other formations in the Fort Apache Indian Reservation
(Moore, 1967) and the Chinle Formation, of Triassic age, in the Win-
dow Rock-Fort Defiance area of the Navajo Indian Reservation
(Peirce, 1955) . Other sandstones of northern Arizona such as the Win-
gate, Navajo, Entrada, and Morrison sandstones (Triassic-Jurassic),
and the Dakota Sandstone (Cretaceous) at best yield only fair dimen-
sion stone. They might be used locally but cannot be considered as
commercial sources.

OvurLoox

Sandstone production in Arizona is a relatively small industry but
it is important in both intrastate and interstate commerce, the products
being shipped both by rail and truck. Reserves and resources are ex-
tremely large and there appears to be a continuing good market for
high quality dimension sandstone products. Careful selection of tex-
tures and colors, better methods of selective quarrying at lower costs,
development of a wider variety of high quality prepared stone pro-
ducts, and good salesmanship should increase the profitability, pop-
ularity, and sale of Arizona sandstone for building and decorative
purposes. :
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SHALE, SLATE, AND MISCELLANEOUS STONE PRODUCTS
(By 8. B. Keith, Arizona Bureau of Mines, Tucson, Ariz.)

INTRODUCTION

Various types of stone not described elsewhere in this report are
or have been produced in Arizona for construction, industrial, and
ornamental use. The tonnages and values of these stone products are
not always recorded in production records but they are a part of Ari-
zona’s mineral resources and, thus, are described below.

SHALE

Shale is a fine-grained, laminated, slightly indurated, fissile sedi-
mentary rock composed essentially of clay particles. Lamination and
fissility are generally related to original bedding but may be influenced
by pressure from the weight of overlying sediments, or by plastic
flow. Shale originates from mud so has & wide variation in chemical
and mineralogical composition. In general it ranges from 50 to 60
percent silica, 15 to 20 percent alumina, 1 to 4 percent iron and the
balance is composed of oxides of calcium, magnesium, sodium and
potassium with water, carbonaceous matter, and other minor sub-
stances. Besides the clay minerals, some mica, quartz, and other
durable minerals are usually present. Shale is soft, brittle, and
crumbly and ranges widely in color due to various combinations of
iron oxide, organic matter, and other impurities. Also, it may contain
carbonates, gypsum, and other salts, or hydrocarbons.

Shale and clay are so closely related in chemical and physical

-properties that they are often used for the same purposes (see “Clay,”
p. 324). Only some of the specific and potential uses of Arizona shale
are reviewed here. The silica, alumina, and iron content of shale
make it snitable as one of the raw ingredients of portland cement.
The interbedded limestone and shale of the Naco Formation (Penn-
sylvania) at Picacho de ('alera, near Rillito in Pima County, makes
a natural raw mix for the Rillito portland cement plant. Clayey
shale of the Verde Formation (Cenozoic) is quarried near Clark-
dale for blending with the Redwall Limestone (Mississippian) at
the Clarkdale cement plant.

Some ground shale, when heated to incipient fusion, is suitable
to produce expanded, bloated, or sintered lightweight aggregate of
high structural strength and insulating value. Concrete made with
such aggregate provides large savings in weight without sacrificing
strength. Tt is favored for long structural concrete spans such as
floor slabs for long bridges and multistoried buildings, and in domed
roofs, The use of expanded shale, as well as expanded clay and slate,
is growing rapidly in the United States where other natural light-
weight aggregate is not available. In Arizona, however, volcanic
cinders, scoria, pumice, or perlite are readily accessible substitutes
and the use of expanded shale as a lightweight aggregate has not
developed.
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For 1966, in the United States, more than 11 million short tons of
clay and shale were consumed in producing portland cement (figures
are not listed separately for slate) (U.S. Bur. Mines, 1967, p. 442, 463).
The Arizona Bureau of Mines estimated that at least 55,000 tons were
so used in Arizona., The value of this clay and shale is not revealed
because the production is usually a captive operation of the cement
manufacturer. In 1966 the U.S. production of shale and clay for ex-
panded lightweight aggregate was more than 8 million short tons
(U.S. Bur. Mines, 1967, p. 463) with an estimated value of more than
$9 million.

Arizona has large and varied shale resources. The Paleozoic, Meso-
zoic, and Cenozoic sedimentary sequences all contain shale beds in al-
most all parts of the State. No detailed study of their potential use
has been made but with rapid technical development of shale as a
lightweight aggregate, the shale resources of the State may become in-
creasingly important to the construction industry.

SrLaTE

Slate is a fine-grained, argillaceous, metamorphic rock having a
natural, well-developed cleavage in one plane which permits the stone
to be split into thin, smooth plates. Slate originates from the compac-
tion of clay and shale beds by the weight of overlying sediments or
by the induration of the beds by heat and pressure. Like clay and shale,
slate may have a wide variation in chemical and mineralogical com-
position. In general, the main constituents are quartz, sericite, chlorite,
and graphitic or carbonaceous matter. Most commonly, slate is dark
gray to black but red, brown, yellow, and purple colors also are com-
mon and caused by the iron content. Some slate is green, which is
caused by chlorite. Slate is firm but soft enough to be readily cut and
shaped. ,

In the past, much dimension slate was used for roofing, blackboards,
electrical panels, Jaundry tubs and sinks, floor tile, and flagging but
such uses have decreased in recent years due to rising costs in quarry-
ing and preparing the stone and due to the development of lower cost
substitutes. :

In the United States the 1966 production of dimension slate was
166,000 short tons valued at $9,173,000 of which 39 percent was used
for flagging; 32 percent for agnarium hottoms, buildings, fireplaces,
flooring, and miscellancous items; 14 percent for roofing; 13 percent
for electrical, structural, and sanitary millstock; and 2 percent for
blackboards, bulletin boards, and billiard table tops (U.S. Bur. Mines,
1967, p. 581). The value of these products ranged from about $24 per
ton for flagstone to more than $300 per ton for blackboard and bulletin
board material. The principal producing states of dimensional slate,
in order of importance, are Virginia, Pennsylvania, Vermont, and
New York.

The production and use of crushed and broken slate in the United
States has more than doubled in the past five years and amounted to
1,190,000 short tons with a value of $4,507,000 in 1966 (17.S. Bur.
Mines, 1967, p. 590). Lightweight aggregate production conswined 64
percent of this amount, granules for composition materials, 24 percent,
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and slate flour for filler, 12 percent. The respective average values for
these products were $2.25, $5.70, and $6.90 per ton. Virginia, Georgia,
and Pennsylvania were the prmci{_ml roducing states. The sale of
these products is important to the slate industry since only 10 percent
of the slate extracted is suitable for dimension stone and the disposal
of nondimensional material becomes a problem and an expense unless
it can be marketed. - ‘

‘Slate has been quarried in Arizona at intermittent periods in the
past but none.was produced in 1966. Blake- (1903, p. 127-128) noted
that there were large areas containing mica and clay slate in the Pre-
cambrian rocks in western Arizona and argillaceous slate on Cave
Creek, Maricopa County; near Walnut Grove, Yavapai County; on
the east side of the Rincon Mountains, Pima and Cochise Counties;
7 miles north of Phoenix (used for the State Capitol foundations),
Maricopa County; and in the Bradshaw Mountains, Yavapai Clounty.
Some of these localities are referred to by Burchard (1914, p. 1342 and
pl. 5). Wilson and Roseveare (1948, p. 49) cited slate in schist areas
n the Phoenix, Estrella, and Mazatzal Mountains of Maricopa County,
and in the Sierra Ancha Mountains of Gila County. They suggested
that_the small local demand, low market value, and transportation
costs had discouraged commercial production. Townsend (1962, p. 32)
considered that good slate was scarce in Arizona and that most of the
repotted oceurrences were actually phyllite, and argillaceous rock
intermediate in'metamorphic grade between slate and schist, or mica
slate .of poor quality. Fle did note that some excellent green, brown,
and black slate—hard, smooth, and with good cleavage—wiis reported
southwest of Walker in the Bradshaw Motuitains of Yavapai County;
that micaceous, but hard and firm, blue-black and green slate had been
quarried near Sunnyslope, Maricopa County, for rough masonry
walls; and that hard, banded, dark-red, gray, and purple “ribbon”
gata occurred in the Sierra Ancha district, north of Globe, Gila

ounty. S '

It appears doubtful if good dimensional slate can be economically
exploitéd from Arizona deposits extept as flagstone or for special
decorative purposes; even these products would have to compete with
the more abundant and well established stone substitutes such as sand-
stone. A more likely market might be developed for crushed and broken
slate as granules, flour, and expanded lightweight aggregate but even
these materials would encounter severe competition from available
substitutes. Thus, slate is an Arizona resource of doubtful value.

ScHisT

Schist is medium- to coarse-grained metamorphic rock having a
foliated structure due to the subparallel orientation of the constituent
minerals of which the micaceous minerals are most prominent. Schist
can be split into thin irregular plates but the cleavage is irregular and
does not yield large flat sheets. It can originate from almost any type
of rock and thus has a wide variation in physical texture and chemical
and mineralogical composition. Schist generally is defined specifically
by various adjectives, which denote the predominant character or com-
position, such as mica, chlorite, augen, or ferruginous schist.
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Although schist is sometimes used as an abrasive, in rough con-
struction, and as a source of ground mica, there are no data available
on production or use. In recent years, thousands of tons of variously
colored schist, mainly mica schist, have been produced in Arizona for
use as a decorative wall facing for buildings and sold both in and out- .
side the State. The more ferruginous mica schist is red, pink, yellow,
or brown; the chlorite-mica schist is green; and other mica schists are
gray to silver or display variegated colors or shades of colors. In 1966,
the Arizona Bureau of Mines estimated that 1,500 short tons of schist
valued at about $13 per ton were produced in Arizona. The production
came from various localities, but mostly from Precambrian rocks in
Maricopa, Mohave, Yavapai, and Yuma Counties. Townsend (1962,
p. 34) mentioned the Sunnyslope area north of Phoenix and the highly
colored schist at New River, Maricopa County, and near Mayer, and
other locations south of Prescott in Yavapai County.

Arizona resources of colorful and decorative schist are almost un-
limited and with the growing demand for its use in facing stone in

rivate and public buildings, the production of schist has become an
1mportant business in the State.

CopPpPER-STAINED STONE

Any firm solid rock containing or coated with the blue and green
stains of oxidized copper minerals has been in increasing demand in
recent years as a rough building stone for wall facing, fireplaces, and
ornamental construction. The copper minerals generally are the bluish-
green hydrous silicate, chrysocolla; and the green and blue hydrous
carbonates, malachite and azurite. The value of such rock as stone
often exceeds the value of the contained copper. Large quantities of
copper-stained rocks occur in the dumps of many mines in the State
where 1t has been stockpiled until an economic process for recovery of
the copper can be found. Figures are not available nor can they be esti-
mated for the amounts of such rock that have been sold and used but a
considerable tonnage has been used in Arizona and also shipped out
of the State. Such stone has become an important Arizona mineral
resource.

Oruer Minor StoNE Propucrs

Other types of stone occurring in Arizona have had local and minor
usage in construction and for decorative purposes. Some light-colored,
somewhat banded, red and brown rhyolite and rhyolite tuff has been
used locally in masonry walls and landscaping when it could be cut or
trimmed into blocks or when found as weathered boulders. Sources of
such stone are in the Tucson Mountains of Pima County; near King-
man, Mohave County ; northeast of Douglas, Cochise County ; south of
Wickenburg, Maricopa County; and several locations in Yavapai
County. Some jasper, a red, brown, or green, impure and finely
crystalline silica rock that is generally banded, occurs in Arizona in
sufficiently large deposits to be exploited, such as in northeastern
Maricopa County, northwestern Yavapai County, and in Mohave
County. It has been shipped out of the State for special decorative use.
Near Rock Springs, on the border between Maricopa and Yavapai
Counties, a white to light-yellow, silicified carbonate rock, locally
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called “magnesite,” has been exploited, and some serpentinized rock in
Gila County has been quarried, both as a decorative and as a con-
struction stone. No one type of these miscellaneous rocks is of major
economic significance in the State at the present time but they have
added a significant amount to the growing use of different stone for
decorative construction and ornamental purposes. In aggregate they
constitute an increasingly important resource.
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STRONTIUM SALTS

(By Richard T. Moore, Arizona Bureau of Mines, Tucson, Ariz.)

InTrRODUCTION

Strontium is a member of the alkaline earth group of elements and
thus, is closely related to calcium, with which it is frequently asso-
ciated in nature, Metallic strontium has a specific gravity of 2.6, a
melting point of 757° C. (1,395° F.), and a strong affinity for oxygen
and several other gases. Because of this last property, small quantities
of elemental strontium are used as “getters” to remove residual traces
of gas from electronic tubes (Ambrose, 1965, p. 847), one of the few
uses that have been found for strontium metal.

Various salts of strontium, on the other hand, have important com-
mercial and military applications, particularly in the manufacture of
pyrotechnic devices. When ignited, various strontium salts burn with
a vivid red flame, and large quantities of the nitrate, oxalate, and
peroxide of strontium are nused in the manufacture of military material,
including signaling and illuminating flares, and tracer ammunition.
Peaceful applications include marine distress flares, motor vehicle and
railway warning flares (fusees), and fireworks of many types. Some
strontinm salts, principally the carbonate, are used in ceramics and
ceramic glazes. Other uses are found in medicine, optics, metallurgy,
and in the plastics industry. ' ‘

No domestic production of strontium minerals was reported during
the 1960%s, although large reserves are known in the United States.
Celestite (SrSO,) and strontianite (SrC'Q,), the principal minerals
of strontium, are imported from the United Kingdom, Mexico, and, in
minor quantities, from Italy. During the period 1960 through 1966,
an average of 11,800 short tons per year of strontium minerals was
imported for domestic consumption (U.S. Bur. Mines, 1962-1967).
These imports had a total value of $1,942,500.
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Domestic deposits of celestite and strontianite are known to oceur
in Arizona, California, Ohio, Texas, and Washington. Major produc-
tion from these deposits, however, was almost entirely during war-
time, when foreign supplies were not available.

Strontium is found 1n minor quantities in many igneous rocks, es-
pecially the alkalic rocks, and is commonly associated, in the mineral
celestite, with such sedimentary rocks as limestone, dolomite, and cal-
careous shale, In a few areas, moderately large deposits of fairly pure
celestite occur as beds, veins, and irregular masses in sedimentary ter-
ranes and such deposits comprise the major commercial source of the
metal and its salts. In the Southwestern United States, bedded deposits
of celestite that intermittently have been exploited are found mter-
calated with tuffaceous lake sediments. It has been suggested that the
strontium was introduced into the lakes by volcanic emanations from
adjacent areas (Harness, 1949, p. 980).

Arrzona DrposiTS

In Arizona, two deposits of celestite have been known for many
years, and were described in detail by Moore (1936). The larger of
the two deposits is in the Vulture Mountains, about. 10 miles southeast
of Aguila, Maricopa County (fig. 73, No. 1). In this deposit, celestite-
bearmg rock occurs in beds up to 2 feet thick interbedded with thin-
bedded, olive-buff to light-brown shaly tuff of Tertiary age. The inter-
val containing the celestite rock is about 160 feet thick and underlies
an area of about 5 acres. The deposit. contains more than 180,000 short
tons of celestite rock (Moore, 1936, p. 153).

The smaller of the two deposits is about 15 miles south of Gila
Bend, Maricopa County (fig. 78, No. 2). Similar to the Aguila
deposit, here also the principal strontimin mineral is celestite. The
celestite occurs in beds associated with gypsum, sandstone, and con-
glomerate in a zone 40 to 50 feet thick and about. 1 mile long (Phalen,
1914, p. 532). Igneous flows and intrusions also are associated with the
series. Moore (1936, p. 154), on the basis of actual exposures deter-
mined that the deposit contains more than 9,000 short tons. If the
celestite extends along strike farther than exposed, which seems prob-
able, the tonnage is much greater.

OvuTLOOK

In much of southwestern Arizona, as outlined in figure 73, the
geologic conditions are similar to those at the two known deposits,
and, therefore, are considered favorable for the occurrence of celestite.
Large volumes of voleanic rocks which could have served as sources
of strontium are present in the several mountain ranges in the area,
and these are commonly flanked by sediments of early Cenozoic age,
composed of fine-grained voleanic detritus, interbedded with calacare-
ous siltstone and silty limestone of lacustrine or, possibly, lagoonal
origin. These Cenozoic sediments are the most favorable rocks for the
occurrence of celestite.

Under present economic conditions, Arizona’s strontium deposits
are not competitive with foreign supplies, and there is no indication
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this situation will change in the near future. If, however, foreign
supplies for some reason should become unavailable, or the price for
strontium salts should markedly increase, the Arizona deposits might
become economically attractive.
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SULFUR
(By Alfred J. Bodenlos, U.8, Geological Survey, Washington, D.C.)

Surrur INDUSTRY

Arizona has large potential resources of sulfur in its metallic sulfide
mineral deposits and in gypsum (and anhydrite) beds, but both ma-
terials require relatively costly processes to convert them into usable
sulfuric acid or sulfate fertilizer compounds. Recent price trends in
the cost of elemental sulfur, however, which rose in 1968 to its highest
point in history, may permit increased use of sulfide and sulfate min-
erals as a source of sulfur compounds within the near future.

Sulfur and its most common industrial derivative, sulfuric acid, are
extensively used throughout industry and agriculture; in fact, their
level of consumption probably indicates levels of national industrial
activity. Less than 15 percent of consumption is used in nonacid form
for such purposes as making paper pulp, carbon disulfide, insecticides,
fungicides, and in vuleanizing rubber. More than 85 percent is used as
sulfuric acid, in the manufacture of soluble fertilizers, chemicals, pig-
ments, iron and steel pickling, plastics, petroleum refining, and in small
amounts in a host of other processes requiring acid (Ambrose, 1965,
p. 908). The fastest growing use has been that of fertilizer manufac-
ture; m 1967 such use consumed half the sulfur or acid equivalent
available, and it is anticipated that larger tonnages will go into this
segment of industry in future years (Oil and Gas Jour., 1968, p. 31).

Sulfur is a widespread element, occurring in native form associated
with sedimentary rocks and in volcanic terrane; as sulfide minerals in
all types of rocks and metallic mineral deposits; as the sulfate minerals
anhydrite and gypsum in sedimentary rocks of evaporite origin; as a
constituent of hydrocarbon molecules 1h petroleum, oil shale, coal, and
tar sands; and as hydrogen sulfide gas in volcanic emanations and
contained in “sour” natural gas. It is recovered in elemental form, as
hydrogen sulfide or sulfur dioxide gas, or as sulfate compounds in one
part of the world or another from all these types of occurrence, either
as a_principal product or as a coproduct or byproduct (Fogarty and
Mollison, 1960, p. 819-827).
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Native, or elemental, sulfur is relatively inert and can be shipped any
distance to consuming centers, whereas sulfuric acid is a relatively
dangerous chemical and is shipped at most for only several hundred
miles. Elemental sulfur thus is the more desirable product for ship-
ment, which coupled with the large volume of production and rela-
tively low mining or recovery costs, it forms the base of the sulfur
industry. Most of the elemental sulfur of the world is produced from
deposits in Louisiana and Texas and hence its price, f.o.b. Gulf Coast
ports, is the world base price. Due to a relatively tight supply situa-
tion in recent years its price has been rising, particularly since early
1966, from a rather stable level of $25 per long ton to $42-$43 per long
ton in early 1968 (Ambrose, 1965, p. 910-913). Hence, the more ex-
pensive sources of sulfur or sulfuric acid, such as pyrites, cuprous
pyrites, and sulfur dioxide recovered during base-metals smelting,
are close to becoming competitive with elemental sulfur at present
(1968) price levels. Recent developments also indicate that the manu-
facture of sulfate fertilizers from anhydrite or gypsum may become
competitive in the near future (Chem. and Eng. News, 1968, p. 11-12).

This country’s position in the sulfur industry stems from the dis-
covery and development of an elemental sulfur deposit in Louisiana
in the 1890’s, which led to production in 1901; by 1912 this country
was the world’s leading producer, a position 1t has held since then
(Haynes, 1942, p. 47, 322-323). By far the largest part of our produc-
tion still comes from the elemental sulfur in the Gulf Coast but is
supplemented by clemental sulfur recovered from sour natural gas
and by sulfuric acid, sulfur dioxide, and hydrogen sulfide recovered
in pyrite roasting, base-metals smelting, and petroleum refining (Am-
brose, 1965, p. 905-908, and table 2, p. 911).

The U.S. Bureau of Mines (1967, p. 595) reports domestic produc-
tion as follows:

Thousands of long tons
(contained sulfur)

Frasch-process mines (elemental sulfur deposits) 7,001
Recovered elemental sulfur (largely from hydrogen sulfide contained in

sour natural gas)._. - : 1,238

Pyrites . ___ — —— — _— - 356

Byproduct sulfuric acid (produced at base-metal smelters) ... ______ 424
Other byproduct sulfur compounds (hydrogen sulfide and sulfur dioxi’e,

probably mostly from petroleum refining) 134

Total - - 9, 153

An additional 500 tons of material, containing from 10 to 70 percent
sulfur, was produced from volcanic deposits.

The United States both exports and imports sulfur and also draws
from or adds to mined stocks, Production and consumption thus dif-
fer, but in recent years stocks have been drawn upon to satisfy domes-
tic demand. The U.S. Bureau of Mines (1967, p. 595) published the
following statistics for 1966 (in thousands of long tons) :

Production, all forms - 9, 153
Exports._..._ : e e et e e e e e e 2,873
Imports_ I e - - - 1,674
Apparent consumption. oo 9,158
Stocks on hand, Dec, 31, 1966-__ —— ——m 2,704

The difference between exports and imports equals to within a few
tons the amount of sulfur drawn from mined stocks during the year.
In 1967, the major sulfur companies put their customers on allocation
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to avoid further drawdown of stocks, which were at their lowest levels
in years (Gittinger, 1968, p. 154A). Imports consist largely of elemen-
tal sulfur recovered from sour gas and pyrites produced in Canada,
and elemental sulfur mined in Mexico.

Free world production in 1966 totaled 16,440,000 long tons of elemen-
tal sulfur and 9,700,000 long tons of pyritic sulfur. Some countries
produce appreciable tonnages from volcanic deposits; small amounts
of sulfuric acid or sulfur compounds are obtained from anhydrite and
gypsum deposits and from oil shale,

Surrour 1N TiE UNITED STATES

In Texas and Louisiana, deposits of elemental sulfur occur in lenses
of calcite and anhydrite that overlie intrusive salt masses (known as
domes or stocks), penetrating to within several thousand feet of the
surface (Murray, 1961, p. 269-271) ) ; the anhydrite lenses, because of
their position above the salt ave called cap rock. Sulfur occupies open-
ings in brecciated calcite and forms as much as 25 percent of the rock
mass (Taylor, 1938, p. 71-80). Deposits are tabular and range in size
from several thousand to tens of millions of tons of sulfur. About 26
deposits have been discovered, of which 10 are being mined and 4 are
being developed (Iawkins and Jirik, 1966, p. 85). They are mined
from wells by injecting superheated water to melt the sulfur and in-
jecting compressed air to 1ift the molten sulfur to the surface (Fogart,
and Mollison, 1960, p. 828-830). Sulfur mined in this manner (Frasch
process) contains at most only a few tenths of a percent of impurities.
Recently two sulfur deposits were found in bedded evaporite strata on
the southeast side of the Permian Basin in West Texas, but little is
known of their geology. In 1967 both were being developed for Frasch
mining, ‘

Deposits of sulfur occur in voleanic rocks in many parts of the west-
ern United States and some sulfur also is associated with solfataras or
hot spring deposits (Wideman, 1957, p. 2-13, 16-22, 28-32, and 37-39 ;
Kinkel and Broderick, 1966, p. 411-413). At present they furnish only
small amounts of sulfur but were worked more extensively in the past.
Voleanic rock or gangue material deposited by hot springs must be
treated to separate sulfur from its gangue, a relatively expensive
process.

Second in rank in sulfur production in the United States is sulfur
recovered from the hydrogen sulfide contained in sour natural gas, a
source developed in the 1950’s and 1960’s as demand for sweet gas was
rising. Hydrogen sulfide is separated from natural gas at the surface
by use of a chemical absorbant and then one-third is burned to convert
it to sulfur dioxide (Fogarty and Mollison, 1960, p. 827; Ambrose,
1965, p. 906-908). The remaining hydrogen sulfide and the sulfur di-
oxide then react in the presence of a catalyst to form elemental sulfur
and water. The process is less costly than Frasch mining but can only
be carried on to the extent that markets for natural gas are available.
Most. such sulfur is produced from sour gasfields in Texas, New
Mexico, Wyoming, and Arkansas but other states produce lesser
amounts of sulfur from sour gas (Oil and Gas Jour., 1967, p. 113-132).

Despite increasing demand for sulfuric acid, production from the
sulfur dioxide generated in pyrite roasting and base-metals smelting
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has been relatively stable in recent years, in part the result of the eco-
nomics and in part due to the problems of shipping the comm.odltgr.
The costs of installing special equipment to recover sulfur dioxide
from stack gases and the costs of acid manufacturing are relatively
high, perhaps three times that of the cost of installations to make acid
from the burning of elemental sulfur (Caldwell, 1968, p. 76; Haynes,
1942, p. 267-270). Chemically the sulfur dioxide 1s converted to the tri-
oxide, and the trioxide is combined with water to make sulfuric acid.
Some smelters produce liquid sulfur dioxide (Kinkel and Broderick,
1966, p. 413). Arizona is one of several states producing either acid or
the dioxide from pyrites.

_ The sulfur contained in petroleum is being recovered during refin-
ing in increasingly larger amounts. Refineries recovering sulfur are lo-
cated both in petroleum producing and nonproducing states and some
treat- imported sulfur-bearing petroleum (Oil and Gas Jour., 1967).
It is said that comparable recovery is feasible from sulfur-i)earing
shale oil.

As yet, gypsum (or anhydrite) has not been used in the United
States as a source for sulfur or sulfur compounds but one plant is
being built for this purpose near Van Ilorn, Tex. Processes for re-
covery of sulfur from gypsum (or anhydrite) are more costly than
mining sulfur by the Frasch process but the sulfur prices prevailing
in_1968 perhaps are nearly high enough to permit their development
(Chem. and Eng. News, 1968), - - .

An unknown factor mn the future sulfur supply is the potential re-
source provided by coal, where the element occurs as the sulfide in
pyrite and marcasite (known as coal brasses), and as a, constituent of
hydrocarbon compounds (known as organic sulfur). (Walker and
Hartner, 1966, p. 1-4; Williams and Keith, 1963; Reidenour and
others, 1967, p. 632-644). The brasses can be separated physically
from coal, unless they are exceedingly fine grained ; organic sulfur can
only be released upon combustion as sulfur dioxide in stack gases.
Public demand for control of air pollution may result in its large-scale
recovery in the not-too-distant future, regardless of cost. The possible
effect on the sulfur industry of large tonnages of sulfur derived from
coal is still unknown; the stack gases of thermoelectric plants annually
emit millions of tons of sulfur and even partial recovery from this
source would add appreciably to the .nationa{)supply.

SuLFUR-BRARING MINERALS IN ARIZONA

.Only small occurrences of elementary sulfur have been found in
Arizona, none large enough to be minable (Galbraith, 1941, p, 8). The
State evidently does not contain rocks favorable to concentration of
elementary sulfur in commercial quantities and to the present neither
sulfur-bearing petroleum nor sour gas have been found. Notwith-
standing, Arizona contains large deposits of sulfide minerals and sev-
eral parts of the States are underlain by beds of gypsum and anhy-
dr‘lte, as described in more detail in other parts of this report (see
“Copper,” “Lead and zine,” “Iron,” “Gypsum and anhydrite,” and
figs. 18, 24,27, 28, and 57).

Major deposits of sulfide ores occur in the following districts or
mines: Jerome, Bagdad, Agua Fria, Globe-Miami-Inspiration, Magma
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(Superior), Ray, Silver Bell, Clifton-Morenci, San Manuel, Ajo, and
Bishee (Warren) (Wideman, 1957, p. 43-61; Kelly, 1962, p. 6, 11, and
17-19). Other sulfide ores occur at Mission, Pima, Esperanza, Twin
Buttes, and Ithaca Peak. Those containing substantial resources of
pyrite are the United Verde mine at Jerome and mines at Magma,
Ray, Iron King, Miami-Inspiration, and Morenci (see “Iron” and
“Copper,” p. 168 and 117). Total potential resources of sulfur are
large, both 1In contained ore and in mine dumps and mill tailings.

Only a fraction of the sulfur resources in the form of sulfide min-
erals is being recovered. A detailed study made in 1958 showed that a
minimum of 700,000, tons of sulfur was generated as sulfur dioxide in
the smelters of Arizona, of which only 10,000 tons was recovered and
used to manufacture sulfuric acid (Kelly, 1962, p. 16 and 22). The
same study found that it was less expensive in most parts of the State
to use elemental sulfur than smelter gases in manufacturing sulfurie
acid. However, the sharp rise in the price of elemental sulfur since
that study was made may make use of pyrite or sulfur dioxide in
smelter gases more attractive for such use; in 1958 the base price of
elemental sulfur was $23.50; in 1968 it was $42.50 per long ton. But as
Kelly noted, freight costs on sulfuric acid shipment from smelters to
consumers may offset the advantages of using the sulfur dioxide in
smelter gases (1962, p.13).

Pyrite is used in recovering sulfuric acid and sponge iron at the
Kennecott Copper Corp. plant at Hayden. Pyrite from the Magma
and Ray mines provides the feed, which after concentration and thick-
ening is processed in a fluid-bed roaster. The plant has a reported ca-
pacity of 100 tons of sulfuric acid per day (Harrer, 1964, p. 164; Kelly,
1962, p. 19), but is being enlarged. The Phelps Dodge acid plant at
Morenci produces 600 tons per (ﬁty and supplies acid to Inspiration as
well. Three sulfuric acid plants, which use elemental sulfur shipped
from Texas, are located at Inspiration, Benson, and Chandler; the
first operates only when it cannot, get acid from Morenci. The bulk of
the acid manufactured in the State is used to leach copper and uranium
ores ; smaller amounts are used in the manufacture of fertilizers, explo-
sives, and in miscellaneous industrial and commercial processes (Kelly,
1962, p. 22-25).

Acid produced from sulfide ores in Arizona contains selenium and
cannot be used for fertilizer without further refining. This matter is
being studied and mig;ht lead to changes in acid production operations.

As noted in “Iron” (p. 181), pyrite in tailings dumps at the Iron
King mine, Humboldt, Yavapai Clounty, is acidulated and ammoniated
to produce a ferrous sulfate-polysulfide soil conditioner.

Gypsum crops out mainly in the southeast quarter and the extreme
northwest corner of Arizona, and is described in “Giypsum and An-
hydrite,” p. 871. These and subsurface occurrences of anhydrite are
listed and summarized in table 31, p. 375. Anhydrite occurs in subsur-
face in the Supai Formation, of Pennsylvanian-Permian age, in a basin
of the same name near the New Mexico boundary. A small segment of
the Paradox Basin extends into the northeast border of Arizona, where
gypsum of the Paradox Member of the Hermosa Formation, of Penn-
sylvanian age, is in the subsurface (Withington, 1962, p. 2-3.

Although gypsum has been mined from five deposits in Pinal,
Yavapai, and Yuma Counties, it is used as construction material,
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cement additive, and as a soil conditioner rather than as a source of
sulfur (Larson and Henkes, 1965, p. 98, 110-111, and 113). Should
the price of elemental sulfur remain at levels reached in 1968, the
higher-grade occurrences of gypsum perhaps can be processed as a
source of sulfur or sulfur compounds and should be considered as a
potential resource of that commodity.

ReservES AND RESOURCES |

Although data are insufficient to.accurately appraise the national
sulfur reserves and resources, the amounts are large, not only in ele-
mental deposits but in sulfide deposits, sour natural gas, and petro-
leum. Even larger amounts will be available should the sulfur in coal
and the sulfate in gypsum and anhydrite be recoverable on a sig-
nificant scale (President’s Materials Policy- Comm., 1952, p. 83-87 and
table 3, p. 85; Ambrose, 1965, p. 909; Landsberg and others, 1963, })
483-486). These varions sources will be mined or recovered only
under competitive conditions, which at present are governed by the
cost of elemental sulfur mined by the Frasch process.

Of the sources listed, Arizona contains large resources of sulfur in
base-metal sulfide deposits and associated pyrite masses, not only in
place but also in accumulated waste. The contained sulfide is recovered
during smelting as needed for sulfuric acid manufacture, but only a
fraction of the supply is used. As noted above, deléterious elements in
the acid restrict its use to nonagricultural applications, largely the
leaching of low-grade ores. Use also is limited by the availability of
sulfuric acid manufactured at lower cost from plants burning elemen-
tal sulfur, : : : R ‘

Rising prices of elemental sulfur may make gypsum competitive in
the manufacturing of sulfur or sulfate compounds. The new sulfur-
recovery plant in West Texas is designed to process gypsum from the
Permian Basin for this purpose. On a long-range basis, therefore, the
gypsum of Arizona may constitute a resource for sulfur recovery but
this will rest on its competitive position with sulfuric acid produced
at base-metals smelters.
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VERMICULITE

(By Richard T. Moore, Arizona Bureau of Mines, Tuecson, Ariz.)

CHARACTERISTICS, USE, AND OCCURRENCE

Vermiculite is a micaceous hydrated silicate formed by the low
temperature alteration of other sheet silicate minerals, chiefly biotite,
The chemical composition of vermiculite depends largely upon the com-
position of the original mineral and the degree of alteration. About
20 varieties of vermiculite have been described, differing slightly in
cation and hydroxyl content, in hydration, and in optical properties;
the general name, vermiculite, is now preferred, and is applied to all
the commercial product.

Crude vermiculite ranges in color from light yellow-brown to green,
greenish brown, dark brown, and black. It retains most of the original
ability of its parent mica to cleave or split into very thin parallel leaves.
Some varieties contain as much as 20 percent water and, when heated,
expand and separate or exfoliate into very thin, loosely attached silvery
to golden flakes. Crude vermiculite, which weighs about 100 pounds per
cubic foot, will expand 20 times or more its original volume with a
proportionate reduction in weight.
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More than 50 percent of all exfoliated vermiculite is used in the
building and construction industry, as an effective fireproof insulator
against heat and sound. For such purposes, it can be used either di-
rectly in loosely packed form, or mixed as an aggregate in various
plasters, bricks, and cements. It is also used in ornamental stucco and
wallpaper. Important quantities of exfoliated vermiculite are used as
a soil conditioner to lighten clay soils and to Improve their moisture
retention, When finely ground, vermiculite serves as an extender for
gold and bronze printing inks, a vehicle for agricultural chemicals, and
as a filler in plastics and rubber products (May, 1965; Wilson and
Roseveare, 1949, p. 31).

U.S. production of crude vermiculite has come entirely from Mon-
tana and South Carolina in recent years. In 1964 over 226,000 short
tons were. produced domestically, and another 18,000 tons were im-
ported from the Republic of South Africa. Exfoliated vermiculite, on
the other hand, was produced at 51 plants in 33 states (May, 1966)
because it is cheaper to ship crude vermiculite to.market areas for
treatment than to ship expanded vermiculite. An example is the ex-
foliating plant operated by the Ari-Zonolite Co. at. Glendale, Ariz. (see
fig. 61) which treats crude vermiculite shipped from deposits in
Montana.

Vermiculite occurs intermingled with other rock-forming minerals
in many altered igneous and metamorphic rocks. Commercially im-
portant deposits are often found where masses of dark-colored mafic
rocks, such as peridotite, pyroxenite, amphibolite, and serpentine, have
been intruded by dikes ang sills of acidic composition, such as pegma-
tite and aplite. Until about the time of World War II, it was generally
believed that the vermiculite formed by hydrothermal alteration of
the mafic host rock or of biotite and phlogopite in the host rock. Since
then there has been increasingly conclusive evidence that weathering
or supergene alteration is prog:%]y the most important process in the
formation of many deposits.

Arizona DgepostTs

Comparatively little is known about possible commercial vermiculite
deposits in Arizona. Although the mineral has been identified in sam-
ples submitted to the Arizona Bureau of Mines from many parts of
the State, no large, relatively high-grade deposits are known. Accord-
ing to Wilson (1940, p. 2), in 1940, t]%; Micro-Cell Insulation Co. began
development of a deposit located 15 miles southeast of Kingman, in the
Hualpai Mountains, Mohave County (No. 12, fig. 61), and started to
install a pilot mill to prepare the raw vermiculite for shipment to Cali-
fornia. This project, however, did not reach the production stage.
North and Jensen (1958) reported that in 1954 a small quantity of
vermiculite was mined for experimental purposes from an occurrence
near Aguila, Maricopa County, but that no commercial production was
made. The exact location of this occurrence was not reported. A deposit
on the Bar FX ranch, southwest of Wickenburg (No. 13), has been
opened but not commercially worked (Wilson and Roseveare, 1949,
p. 32). An occurrence near Oracle, Pinal County (No. 14), has been
worked for mill-test material but not commercially mined.
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Present suppliers of crude vermiculite outside of Arizona appear
to have sufficient reserves to supply market needs for many years at
the present rate of growth of the industry. There seems to be little
likelihood that crude vermiculite will be mined in Arizona, unless de-
posits are found that are of markedly better quality or are both large
tonnage and amenable to low cost mining.
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ZEOLITES
(By Richard A. Sheppard, U.S. Geological Survey, Denver, Colo.)

CuARrAcTERISTICS, UsE, AND OCCURRENCE

Zeolites are crystalline hydrated aluminosilicates of the alkali and
alkaline earth elements. They have a framework structure that encloses
interconnected cavities occupied by the relatively large cations and
water molecules (Smith, 1963). The cations and water have consid-
erable freedom of movement which gives the zeolites their cation ex-
change and reversible dehydration properties. The porous character
of the zeolites enables them to act as molecular sieves for the separa-
tion of molecular mixtures based on the size and shape of the molecular
compounds or for the selective adsorption of gases.

These unique properties of the zeolites suggest diverse industrial
uses in processes such as purification and drying of liquids and gases,
chemical separations, catalysis, and decontamination of radioactive
wastes (Brown, 1962). Zeolitic rock can be used as a pozzolan in ce-
ment (Mielenz, 1950, p. 5-7) or as a soil conditioner to increase the
effectiveness of chemical fertilizers. Industry now uses synthetic zeo-
lites almost exclusively, but as economic methods are developed to con-
vert natural material into a commercial product (Barrer and Makki,
1964), large natural deposits may become important.

Zeolites occur chiefly as cavity fillings in igneous rocks and as authi-
genic rock-forming constitnents in sedimentary rocks, particularly
altered silicic vitric tuffs (Hay, 1966). The bedded deposits are a po-
tential resource because they can be extensive and high in purity.
Most, if not all, of the potentially valuable zeolite deposits in Arizona
occur in Cenozoic continental tuffs ang: tuffaceous sedimentary rocks
that originally consisted of silicic vitric ash, The zeolites formed after
“deposition of the rock mainly by reaction of the ash with interstitial
water, which may have originated as either meteoric water (Hay, 1963)
or connaie water of a saline lake (Hay, 1964). Of the more than 30
naturally occurring zeolites, only 6 occur in bedded deposits of Ari-
zona. These include analcime, chabazite, clinoptilolite (an alkali- and
silica-rich variety of heulandite), erionite, mordenite, and phillipsite.
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The zeolites occur in nearly monomineralic beds or, more commonly,
occur associated with other zeolites, clay minerals, silica minerals, or
feldspars.

Arizona DEeposrrs

Bedded zeolite deposits have been reported .mainly from the west-
central (table 42 and fig. 74, Nos. 1-3) and southeastern (Nos. 5-10)

parts of Arizona. The only other deposit re
clinoptilolite (No. 4) in a bentonite at Dome

1933, p. 169-170).

Analcime and clinoptilolite are reported as minor constituents in
predominantly clastic rocks (Nos. 3, 5, 6, and 10). Inasmuch as these
deposits contain less than 25 percent zeolite, they probably cannot be
considered minable resources. The clinoptilolite near Alpine (No. 7)

makes up about 80 percent of the tuff, but the bed is thin and
discontinuous.

rted from Arizona is
ramlette and Posnjak,

TaABLE 42.—Bedded zeolite deposits in Arizona

Locality
No, in Location Zeolites Occurrence References
f1g. 74

1 Sec, 11, T, 21 N,, Hordenite - Tuff and laptlli A, J, Gude, 34, oral
R, 20 W,, north sfde of tuff {n the Golden commun,, 1967,
Union Pass, Mohave Door Volcanice of
County, Tertiary age.

2 Es T, 16 N,, R, 13 W,, Analcima, chabaxtite, Tuff in unnamed la= Ross, 19285 1941;
chiefly sast of the Big clinoptilolits, custrine formation Sheppard, unpub,
Sandy River, Mohave erionite, of Pliocens age,

County, phitlipeite

3 Sec, 30, T, 12 N,, Anzlcime Cement in sandstons Lagky and Webber,
R, 13 M., Maggie Can- of the Chapin Vash 1949, p. 130, 59,
yon, Mohave County. Pormation of Plio=

cens age.

4 Near Dome, Yuma County. Clinoptilolice Bentonite, Bramlette and
Posajak, 1933,
pe 169=170,

S Sec, 25, 7. 7 5., Anslcime Silty claystone of P. D. Blackson, oral
R, 8 F,, dril]l hole late Tartisry sge. commm,, 1966.
near Eloy, Pinal
County.

6 Secs, 2, 15, and 16, Aoslcime, Cemant in ssndstone Wruckse, 1961,

T. 6 N,y Ko 30 E., Dear clfinoptilolite of unnmmed forma~ pe RL7-H19.
Nutrioso, Apache tion of Tertiary
County. age.

7 Sec. 11, T. 3 N,, Clinopeilolfca Tuff in unnamed Sheppard, unpub,
K, 30 E,, near Alpine, formation of
Apachs County, Tertiary age.

8 Sec, 16, T. 3 5., Clinopetlolice, Tuff and lapilli in Do,

R, 29 E,, sbout 6 miles wordenits tuff {n unnamed
N, of Moreaci, Greanles formarion of
Caunty, Terciary age.
9 Sec. 2, T, 12 §,, Analcime, chabaxfte, Tuff {n unnamed la- Sand and Regis,
R, 29 £, northvaat to clinoptilolite, custrine forma= 1966; Ragis and
sec, 12, T. 11 8,, erfonits tion of late Sand, 1967,
R, 28 E,, along San Cenozoic age.
Simon Creek, Cochiss
County.
10 Sec, 12, T, 15 S,, Analcima Hudstons of Plefsa=

R, 24 2,, dril} hole
at Willcox Mlays,
Cochisa tlouncy.

tocenn age.

Pipkin, 1967,
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Zeolite occurrence

(Number reters to locality described in text and listed in table 42)

F16URE 74.—Zcolites in Arizona.
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High-grade deposits of zeolites occur in altered silicic tuffs at several
localities (Nos. 1, 2, 8, and 9) where the beds are at least 1 foot thick
and consist of more than 90 percent zeolite. Thick beds of nearly
monomineralic mordenite occur at Union Pass (No. 1) and near
Morenci (No. 8). Some beds at the latter locality contain clinoptilolite
and quartz as well as mordenite. Beds of nearly pure analcime, chaba-
zite, and erionite oceur east of the Big Sandy River near Wikieup
(No. 2). Some zeolitic tufls at this locality also contain trace to major
amounts of clinoptilolite, phillipsite, or potassium felds‘)ar. Along
San Simon Creek north of Bowie (No. 9), zeolitic tuff about 4 feet
thick consists of thin layers of analcime, chabazite, clinoptilolite, and
erionite—some of which are nearly monomineralic (Sand and Regis,
1966).

Al%;hough the size and purity of most of the above deposits are not
adequately known, large volumes of silicic vitric tuffs have obviously
been altered to zeolites. Large additional volumes of zeolitic tuff prob-
ably occur in other Cenozoic basins of Arizona. As of 1968, only
loca]itﬁN 0. 9 is known to be undergoing commercial exploitation (U.S.
Bur. Mines, 1968, p. 4), although preliminary exploration and
sampling have been done on several. The bedded zeolites of Arizona
are potentially exploitable, but studies to determine their size and value
await further industrial development and the establishment of suitable

markets,
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