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EXECUTIVE SUMMARY

Assessment of selected nonmetallic and metallic resources
of the Coconino National Forest, Arizona

General

*The Coconino National Forest (CNF), located in the south-central Colorado Plateau,
is an area with few base- and precious-metal mineral deposits.

*Demand for aggregate is increasing with population growth occurring in Flagstaff,
Sedona, and Verde River Valley. Finding and establishing new sources of materials
is a likely key future issue to be faced.

Industrial Minerals

*Scoria and cinder are unconsolidated and therefore easily mined for cinder block
fabrication.

*The best sources of limestones for cement fabrication are the Redwall Limestone and
the Martin Formation.

eKnown gypsum deposits have grades comparable to those in production, but the
deposits are small; future deposits will most likely be found in the Coconino and
Moenkopi Formation.

eIndustrial minerals associated with lake deposits include halite, sodium sulfate,
diatomite, bentonite and various types of clays

Aggregate
eSand and gravel deposits are scarce due to the types of bedrocks present.

*The future sources for aggregate are the Redwall Limestone, the Martin Formation,
and younger basalts. Outcrops of the Redwall and Martin are either few and (or)
problematic; the best source may be the more widely available younger basalts.

Metals

eManganese is the only metal with an appreciable presence in the CNF albeit in limited
amounts.

eSources of base and precious metals are like to be from undiscovered remnants of
solution-collapse breccia pipe uranium deposits. These small tonnage (< 11,000 t )
deposits do not have uranium reported in production. '
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Introduction

The Coconino National Forest (CNF), Arizona, contains
approximately 814,000 hectares (ha) (2 million acres) in six Ranger
Districts (RDs) as shown in fig. 1. The purpose of this assessment is to
provide information useful to Forest Service land managers primarily
concerning the quantity of metals and materials in deposits yet to be
discovered in the CNF. Of course, known deposit types in or adjacent to the
CNF are useful in identifying appropriate deposit types. Two different
mineral resource assessment techniques are used: one for metals and
industrial minerals and a second for uranium.

While both are types of quantitative mineral resource assessments,
the first type requires mineral deposit models like those found in Cox and
Singer (1986) and Bliss (1992). The procedure is described by Singer and
Ovenshine (1979) and Singer and Cox, (1988) and allows predictions of how
much material remains in undiscovered deposits at different levels of
certainty (Root and others, 1992; Spanski, 1992). The former U.S. Bureau of
Mines (BOM) also successfully used USGS assessment results in their
analysis of economic potential of future mineral development within an
area (the East Mojave National Scenic Area, California (U.S. Bureau of
Mines, 1992) and Kootenai National Forest (NF), Idaho and Montana
(Gunther, 1992)). Grade and tonnage models are needed as well as an
estimate of numbers of undiscovered deposits. Deposit types lacking grade
and tonnage models cannot be assessed.

The assessment of uranium in solution-collapse breccia pipe
uranium deposits is handled differently. The procedure used and the
assessment results are found in a previous report by Bliss and Pierson
(1994). The predicted undiscovered uranium from this deposit type does not
represent uranium endowments additional to those reported by Finch and
others (1990), but they suggest what portion of their endowment is found
within the Coconino NF, Arizona (Bliss and Pierson, 1994). One site
(Appendix B, MRDS No. 101--see below for explanation of abbreviation and
number) was also noted during this part of the assessment (and not noted
in Bliss and Pierson, 1994) may have evidence of solution-collapse breccia
pipe uranium deposits in favorable area type B (Finch and others, 1990).

Industrial minerals have been and are likely to be the primary type of
mineral commodity produced in the future in the CNF. Modeling
industrial mineral deposit types is not as extensive as needed (Orris and
Bliss, 1991; Orris and Bliss, 1992). New types of mineral deposit models
may be required (Orris and Bliss, 1989). Unfortunately, mineral deposit
models are not available for most of the industrial mineral commodity types
found in the CNF. Flagstone is an important industrial mineral with a
long production history in the adjacent Kaibab NF. An attempt was made
to develop models for flagstone in an assessment of the Kaibab NF (Bliss,
1993), but it was unsuccessful due to poor and incomplete data.

Data about mineral deposits found in or adjacent to the CNF have
come from various sources. A general source for mineral deposit data is
the Mineral Resource Data System (MRDS), a world-wide computer




database with locality and commodity data. Additional sources for
industrial minerals include Phillips (1987) and Houser (1992). Appendix A
contains a selection of some of those records in or adjacent to the CNF as
recorded in May, 1995 and are listed on figure 2 using sequence numbers.
The records are also ordered by sequence number (upper left hand corner of
each page) in Appendix B and specific sites are noted in the text by MRDS
sequence number (MRDS No.).

Industrial minerals are covered first, followed by a brief discussion of
metallic mineral deposits. Most tracts noted are bounded using
stratigraphy or other geologic features which are best seen on regional
maps including the following: Weir and others (1989) for the geologic map
of the Sedona 30' X 60' quadrangle; Ulrich, and others (1984) for the
Flagstaff 1° by 2° quadrangle; Moore and others (1960) for other areas of
Coconino County; Arizona Bureau of Mines (1958) for other areas of
Yavapai County; and Lane (1992, plate 2) for a compiled geologic map of the
CNF as a whole. The San Francisco volcanic field is shown on a series of
maps including Moore and Wolfe (1987) for the east part, Newhall and
others (1987) for the southwest part, Ulrich and Bailey (1987) for the SP
Mountain part, Wolfe, Ulrich, and Newhall (1987) for the northwest part,
and Wolfe, Ulrich, Holm, and others (1987) for the central part.

A number of other reports applicable to areas in the CNF or adjacent
areas were identified during preparation of the assessment. These include
Chaffee and others (1996a, 1996b) release of analytical results for rock and
stream-sediments collected in the CNF; a number of studies on breccia
pipes including Van Gosen and Wenrich (1989), Wenrich (1985), and
Wenrich and others (1986,1988, 1989); and reports prepared for Roadless
area studies including ones for Strawberry Crater (Wolfe and Hahn, 1982;
Wolfe and Hoover, 1982, Wolfe and Light, 1987), Fossil Springs (Weir and
Beard, 1984; Weir and others, 1983), and West Clear Creek (Ulrich and
Bielski, 1983).

Another source was the mineral-resource assessment of
undiscovered resources of gold, silver, copper, lead, and zinc in the
conterminous United States from 1993 through 1995 (Ludington and Cox,
1996). The assessment consists of probabilistic estimates of the amounts of
undiscovered gold, silver, copper, lead, and zinc in conventional types of
deposits. The assessment also identified significant known deposits and
gave descriptions of the mineral deposit models used. Some tracts, mineral
deposits and models used in that assessment are noted briefly here.

Four models of engineering characteristics of aggregate found in the
report are prepared and depicted in the same general way as in Cox and
Singer (1986). One difference is that each value is identified as belonging to
a site, not an aggregate deposit, which needs either an estimate of volume
and (or) of geometry. Neither were identifiable in this study. This fact,
together with small sample sizes, makes these models preliminary.

This report is organized into three sections: 1) industrial minerals
excluding aggregate, 2) aggregate, and 3) metals. The first section contains
descriptions of geology, tracts, and other details which will not be repeated
in the section on aggregate. Materials not covered elsewhere (for example,




sand and gravel) will be discussed in greater detail in the aggregate
section.

This report lacks figures showing geology. Nearly all tracts
identified as permissive for various commodities (or deposit types) are
identified by geologic unit(s). Readers who are serious about using the
information herein need access to geologic maps (most of which are listed
above.) ‘

Industrial Minerals

Introduction

Industrial minerals are historically the most important mineral
commodities produced in the CNF. This section focuses on industrial
minerals with uses other than for aggregate. However, some discussion on
the use of materials as a source of aggregate is often unavoidable.

Some industrial minerals are also classified as metals. For
example, hematite used as a pigment is considered an industrial mineral
while its use as a source of iron makes it a metal. In this assessment,
hematite is discusses under the "metals" section.

Marine carbonate rocks

Background

Most carbonate rocks are produced for making cement, processed for
lime, or crushed for use as aggregate in construction. Limestone or other
calcareous rocks make up 75-80 percent of the raw material used to make
cement (Harben and Bates, 1984). Limestone is composed of 50 percent or
more calcite and dolomite, with calcite greater than dolomite. Ultra-pure
limestone contains greater than 97 percent CaCO3; high calcium limestone
contains greater than 95 percent CaCOg3 (Harben and Bates, 1984). Cement
preparation requires not only CaCOg, but also silica, alumina, and iron,
which may be contributed by the clay, sand, and chert commonly found in
limestones as it is quarried. These components (as well as other materials)
need to be added during cement manufacture if they are absent or are
insufficient in the limestone. Dolomite is tolerated in limestones up to
about 5 percent of the raw material for cement manufacture (Harben and
Bates, 1984).

Other uses of limestone or derivative products (e.g., lime) include
dimension stone, rip rap, road metal, roofing granules, fillers (paper,
asphalt), filters (water treatment), absorbents (gold leaching), ceramics,
flux (steel), agriculture, glass, and well drilling fluids (Keith, 1969c;
Lefond, 1983). In Arizona the copper industry uses lime in flue gas
desulphurisation (O'Driscoll, 1990). Limestone is a common source of




aggregate wherever it is found. However limestones consisting of about
equal parts dolomite and calcite which are used as aggregate in cement are
more likely to have alkali-carbonate reactions which may destroy concrete
competency (Marek, 1991).

Geology

As noted in Lane (1992) four limestone units are found in the CNF: 1)
Martin Formation, 2) Redwall Limestone, 3) Kaibab Formation, and 4)
limestone facies in the Verde Formation. In Arizona the Redwall
Limestone of Mississippian age is one of two formations considered best for
chemical and industrial use (Keith, 1969¢). The limestone is massive,
strong, high calcium and low dolomite, with chert in nodules and bands as
the chief impurity. This limestone and the Escabrosa Limestone have been
the principal source of material for cement production in Arizona (Keith,
1969c).

Quarries and tracts

Six sites are noted for limestone in MRDS (Appendix A). All sites in
CNF are in the Peaks RD. One site (MRDS No. 101) consists of a breccia site
containing significant lead and may be an expression of an undiscovered
solution-collapse breccia pipe uranium deposit or remnant thereof (see
Introduction). Lead may be considered as a possible contaminate of the
limestone (probably Kaibab Formation) if the site were to be considered as a
source of crushed stone. Limestone and marble are found in several
carbonate bodies within the volcanic field on the margins of San Francisco
Mountain. Wolfe and others (1987b) included the Redwall Limestone and
Temple Butte Formation in the unit which crops out in Little Elder
Mountain (probable location of the MRDS No. 76) on the southeast margin,
and White Horse Hills, northwest margin, of San Francisco Mountain.
Two other sites are noted in the Kaibab Formation (MRDS Nos. 102, 103).

One site (MRDS No. 30) included in Appendix A is an important
production site for limestone for use in a cement plant in the Prescott NF
(fig. 2) to the west of the CNF. The Clarkdale Cement Plant limestone
quarry not only produces from the Redwall Limestone but also from the
Devonian Martin Formation. Lane (1992) notes that the limestone provides
the necessary CaCOg, SiO9, and MgO (which is in dolomitic lenses in the

limestone) needed to manufacture cement. Whole-rock analyses for
limestone samples are given by Lane (1992, table 2).

Three samples of limestone from the Verde Formation, analyzed by
the U.S. Bureau of Mines from three sites (Lane, 1992, plate 3, fig. 3),
suggest they are suitable for use in cement manufacture (Lane, 1992, table
2). However, the limestone is interbedded with clays, and other materials
which would make mining difficult.

Tracts are defined by the outcrop areas of stratigraphic units
dominated by carbonates or containing significant carbonate members. All
outcrops of the Redwall Limestone in the CNF are permissive. A portion of
the Coconino Sandstone may be worked given information about limestone
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quality including impurities (i.e., chert concentrations, dolomite) and detail
end-use specifications (cement, aggregate, and so forth).

Resource estimate status

Limestone is one of a number of bedded industrial mineral deposit
types that lack models or strategies for quantitative assessment. Therefore,
an estimate of undiscovered limestone resources is not available.

Marine and lacustrine environments

Gypsum

Background
Gypsum, or hydrous calcium sulfate (CaSO4-2H90), is the most abundant

naturally occurring sulfate (Harben and Bates, 1990). Upon loss of water
gypsum becomes the mineral anhydrite (CaSO4). Use of anhydrite is minor

when compared to gypsum although neither mineral is found without the
other (Appleyard, 1983). Unfortunately, currently unusable anhydrite
represents the larger part of the world's extensive reserves of these sulfates
(Appleyard, 1983). Calcined gypsum (CaSO4-1/2H90) or plaster of Paris is
an important product as a component of plasterboard and accounts for 70
percent of gypsum consumption (Harben and Bates, 1990). Harben and
Bates (1984, p. 130) also notes that "uncalcined gypsum is used as a
retardant in cement; as a fertilizer; as a filler in paper, paint, and
toothpaste; and in the production of gypsum muds for oil well drilling."
Due to the wide availability of gypsum, only readily accessible deposits at
the surface are being worked. Strip mining is the common extraction
method, with some operations exceeding 50 m in depth (Raup, 1991).
Because transportation is a major contributive cost, proximity to
infrastructure and markets is critical in deciding if a deposit will be
worked. Gypsum and anhydrite constitute the largest known reserve of
sulfur, although it is largely untapped and is currently an uneconomic
source.

Geology

Gypsum and anhydrite occur as evaporites identified in rocks of Silurian
age through Quaternary age (Appleyard, 1983). The proportion consisting
of anhydrite increases with geologic age of the enclosing rock. Thus,
younger deposits are more likely to be worked because they contain more
gypsum. Gypsum is commonly found associated with other evaporites.
Due to its high solubility, primary gypsum deposits are subject to
considerable post-depositional modification, recrystallization, and
remobilization.



Models

Two broad types of bedded gypsum deposits are recognized for modeling
purposes: marine evaporite gypsum (Raup, 1991) and lacustrine gypsum
(Orris, 1992¢). Both types have permissive geology in the CNF. The
descriptive model by Orris (1992¢) suggests that most lacustrine gypsum
deposits develop in closed or nearly closed continental basins (usually fault
controlled) under semiarid to arid conditions. The descriptive model by
Raup (1991) notes that marine gypsum deposits develop from the
evaporation of sea water in marginal marine basins.

The preliminary grade and tonnage model by Orris (1992e) for
marine gypsum deposits is based on data from 14 entities that include data
from a mix of districts, areas, and single deposits. Ninety percent of the
deposits have a size equal to or greater than 14 million t; 50 percent have a
size equal to or greater than 280 million t; and 10 percent of the deposits
have a size equal to or greater than 5.6 billion t (Orris, 1992e, fig. 35). Ninety
percent of the deposits have a gypsum grade equal to or greater than 82
percent; 50 percent have a gypsum grade equal to or greater than 91
percent; and 10 percent of the deposits have a gypsum grade equal to or
greater than 99.8 percent (Orris, 1992e, fig. 36).

The preliminary grade and tonnage model by Orris (1992c¢) for
lacustrine gypsum deposits is also based on data from 14 entities. Ninety
percent of the deposits have a size equal to or greater than 0.78 million t; 50
percent have a size equal to or greater than 14 million t; and 10 percent of
the deposits have a size equal to or greater than 247 billion t (Orris, 1992c,
fig. 35). Ninety percent of the deposits have a gypsum grade equal to or
greater than 74 percent; 50 percent have a gypsum grade equal to or greater
than 85 percent; and 10 percent of the deposits have a gypsum grade equal
to or greater than 96 percent (Orris, 1992¢, fig. 36). Lacustrine deposits tend
to be both smaller and of lower grade than those for marine deposits.

Deposits and tracts

Two units found in the CNF contain evaporites and are, thus, permissive
for marine gypsum deposits--Permian Coconino Sandstone and the
Triassic Moenkopi Formation. The Toroweap Formation is commonly
included with the Coconino Sandstone.

It is the Harrisburg Member of the Coconino Sandstone which
contains evaporites. Gypsum, along with dolostone, sandstone, redbeds,
chert, and minor limestone comprise the sequence (Hopkins, 1990). The
member thickens to the west (up to 85 m) with significant bedded gypsum
present. In fact, gypsum is mined from the Harrisburg member west of
Las Vegas, Nevada at the Blue Diamond Hill Mine (Hopkins, 1990). A
number of undeveloped occurrences and at least one gypsum mine have
been identified in either the Coconino Sandstone and (or) Toroweap
Formation in northwest Arizona (Keith, 1969b). To the best of my
knowledge, no significant amounts of gypsum have been identified in the
Harrisburg Member in the CNF. However, the Coconino Sandstone and
Toroweap Formations are permissive for bedded gypsum.



Irregular gypsum lenses totaling 330,000 t of material at a grade of
97.5 percent gypsum have been described by Keith (1969b) in the Moenkopi
Formation (Keith, 1969b; table 31). This tonnage is much smaller than the
size distribution of deposits used in the grade and tonnage model by Orris
(1992¢); however, the gypsum grade in this deposit is within the grade
distribution of the grade and tonnage model (Orris, 1992¢; fig. 36). No
significant amounts of gypsum have been identified in the Moenkopi
Formation in the CNF. However, as noted previously, all parts of the
Moenkopi Formation are permissive for bedded gypsum.

Lacustrine gypsum is found in the Verde Formation of Pliocene and
Miocene ages (Weir and others, 1989) particularly in an area of 190 km2 of
evaporites extending about 16 km northwest, and 10 km southeast of Camp
Verde (fig. 1) in the Verde basin (Twenter and Metzger, 1963, fig. 24).
Gypsum in the Verde Formation has been mined at the Larson quarry
located in a sequence of evaporites several square kilometers in area
interbedded with mudstone and volcanic ash which can be 100 ft (30 m)
thick (MRDS No. 1). Lane (1992) notes that the material mined is about 70-
75 percent gypsum. This suggest that the deposit is low grade within the
context of the grade and tonnage model of lacustrine gypsum (Orris, 1992¢).
Also located in these evaporites is the Wingfiled-Mcledd gypsum deposit
(MRDS No. 15) where gypsum was produced for use in agriculture.
Another gypsum occurrence (MRDS No. 14) was noted near the Camp
Verde Gypsum property (MRDS No. 20) and as part of the stratigraphic
sequence at the Verde River Deposit (MRDS No. 16). Several other sites in
the Verde Formation are noted for gypsum (MRDS No. 16, 21). For
assessment purposes, these sites are discovered gypsum deposit(s).
Perhaps the whole sequence exposed at the surface may be considered a
deposit partially worked within the context of deposits described in the
grade and tonnage model (Orris, 1992¢). The Verde Formation is
considered to be the permissive area for lacustrine gypsum.

Resource estimate status

No estimate of undiscovered deposits of either type was made. Marine
gypsum deposits like those in the grade and tonnage model are large but it
is unknown how extensive (or exhaustive) exploration has been for bedded
gypsum deposits in the CNF. Existing data suggests that the situation for
lacustrine gypsum is more promising than for the marine type. Grade
may be a problem if the worked portion at Larson Quarry represents the
best quality of material available. However, the presence of undiscovered
deposits without outcrop for both types cannot be discounted.

Lacustrine halite, sodium sulfate, and brines

Background

Halite (NaCl) or salt is used by the chemical and food industries and in
snow and ice removal (Orris, 1992d). Lacustrine halite becomes important
only locally when marine deposits are unavailable, as in Australia (Orris,
1992d). Halite is extracted by conventional mining to depths of 100 m; and
by solution mining at depths greater than 500 m (Orris, 1992d). Proximity
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to infrastructure and markets is critical in deciding if a deposit will be
worked, because transportation is a major contributive cost. Halite need
not be directly mined but may also be extracted from natural brines and sea
water.

Most sodium sulfate produced is used in the manufacture of
detergents, paper, and glass (Harben and Bates, 1990). Two minerals,
thenardite (NagSO4) and mirabilite (NagSO4 ® H90), commonly called
Glauber's salt, are commercially important. Sodium sulfate is also
extracted from brines.

Geology

Lacustrine halite occurs as either bedded or massive bodies in continental
basins (Orris, 1992d). Most deposits are late Tertiary or Quaternary. Basins
are closed or semi-closed and contain sediments and evaporites developed
under arid conditions. Due to high solubility, halite deposits are subject to
considerable post-depositional modification, recrystallization, and
remobilization. Sodium sulfate is common in alkali lakes and is found with
other evaporites including halite and gypsum.

Models

Only the preliminary descriptive model by Orris (1992d) without an
associated grade and tonnage model is available for lacustrine halite;
however a constituents model is available for sodium carbonate (sulfate,
chloride) brines (Orris, 1992a). These are brines considered sufficiently
concentrated to be a source of their contained constituents (G.J. Orris, 1995,
oral commun.) Ninety percent of the brines have a sum of NagCOg,

Na9S0y4, and NaCl constituents equal to or greater than 6,400 ppm; 50

percent have a sum equal to or greater than 33,000 ppm; and 10 percent of
the brines have a sum equal to or greater than 220,000 ppm (Orris, 1992a,
fig. 42-44). Neither a descriptive model nor a grade and tonnage model is
available for sodium sulfate minerals.

Deposits and tracts
Lacustrine halite is found in the Verde Formation of the Pliocene and
Miocene ages (Weir and others, 1989) particularly in an area of 190 km2 of
evaporites extending about 16 km northwest, and 10 km southeast of Camp
Verde (fig. 1) in the Verde Basin (Twenter and Metzger, 1963, fig. 24).
Halite in the Verde Formation has been mined, along with sodium sulfate,
at the historic Camp Verde Mine (MRDS No. 21, Appendix A; fig. 2). The
Verde Formation is a sequence of evaporites several square kilometers in
area interbedded with mudstone and volcanic ash which can be as much as
100 ft (30 m) thick.

Not only are halite deposits recognized, but brines are also present.
A saline water well near Camp Verde (MRDS No. 11) contains 177,000 ppm
dissolved solids, predominantly sulfate and chloride. This well appears to
be consistent with the concentrations noted in the brine model by Orris
(1992a). This would still be true if only a half of the soluble solutes present
are the same as those in the model. A sample collected in 1959 from a
ground-water well about 4 mi (6 km) southeast of Camp Verde along West
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Clear Creek was reported to contain 90,300 ppm dissolved solids largely
dominated by sodium (+ potassium) and sulfate (Twenter and Metzger,
1963, table 10). This well may also be a source of usable brines (MRDS No.
31). Detailed chemical analyses are needed for both wells as is an estimate
of the size of the brine reservoir. In addition, possible discharge rates are
needed.

Lane (1992) notes that a sodium sulfate deposit was mined west of
Camp Verde (Camp Verde Salt Mine, MRDS No. 21). Weisman and
McIlveen (1983) describe the deposit as 46 m thick. It is unusual in that it
contained pure mirabilite crystals.

For assessment purposes, these sites at the surface are for discovered
halite/sodium sulfate deposit(s). The Verde Formation is considered to be
the permissive area for lacustrine halite/sodium sulfate deposits and
sodium carbonate (sulfate, chlorite) brines.

Resource estimate status

An estimate of undiscovered lacustrine halite/sodium sulfate deposits was
not made, given the absence of a grade and tonnage model. At least one
and perhaps two brine reservoirs of unknown sizes are inferred to exist.

Diatomite

One occurrence of diatomite is reported south of Camp Verde (MRDS
No. 16). Lane (1992) cites oral communication (Ed Davidson, Superior
Materials) that diatomite is present at the gypsum deposit 6 km southeast of
Camp Verde [most likely Larson Quarry, MRDS No. 1]. Samples examined
from various sites in the Verde Formation appear to be of poor quality
(Lane, 1992). A descriptive model by Shenk (1991) is available; a grade and
tonnage model is not.

Pliocene and Miocene clays

An unspecified type of clay is noted at the diatomite deposit south of
Camp Verde (MRDS No. 16) and near Clarkdale (MRDS No. 23). Brick clay
is found north of Clarkdale (MRDS No. 22) and is also suitable for use in
cement manufacture. Lane (1992) noted that most clays in the Verde
Formation are bentonitic, although Funnell and Wolfe (1964) as cited by
Lane (1992) noted that low-expanding, high-calcium montmorillonite is
found southeast of Camp Verde. See Lane (1992, table 1) for the chemical
and physical characteristics of some clay samples collected in Verde
Formation.

Lacustrine limestone

Three samples of limestone from the Verde Formation were collected
by the BOM from three different sites (Lane, 1992, plate 3, fig. 3). The
analyses indicate they are suitable for use in cement manufacture (Lane,



1992, table 2). However, the limestones are interbedded with clay and other
materials which will make mining difficult.

Bentonite

Bentonite found associated with gypsum at the Larson Quarry was
used as canal-reservoir sealer and for iron ore pelletization (see MRDS No.
1, Appendix B, for details).

Sandstones

The Coconino Sandstone and Moenkopi Formation are found in the
CNF and have been a source of sandstones usable for flagging and ashlar.

In fact, flagstone (and minor ashlar!) production from the Coconino
Sandstone is an important industry in the Kaibab NF to the west and
Prescott NF southwest of the Coconino NF. Models needed for making
quantitative predictions about flagstone and ashlar resources have not been
developed and the attempts to do so for the assessment of the Kaibab NF
were largely not successful. See Bliss (1993) for details and background
material which is still valid here but will not be repeated. However, one
correction is needed. Extraction of flagging is easier where the sandstone
bedding slopes in the same direction as the topographic slope, however, this
situation does not seem to have been critical in the siting of most existing
quarries.

Minor production of flagging has come from the Moenkopi
Formation but the Moenkopi has chiefly been the source of large building
blocks and ashlars prior to the 1930's (Keith, 1969e). The Moenkopi does not
split easily for flagging. A basal, massive sandstone has provided the best
material. Keith (1969e, p. 447) reports that it consists of a "poorly to well-
sorted, fine to very-fine grained, lenticular bed, 20 to 40 feet thick." This
massive sandstone contains about 80 percent silica, up to 4 percent iron and
aluminum oxides, and 13 percent calcium carbonate (Keith, 1969e).
Although the stone forms solid blocks for use in buildings, it does not retain
sharp lines and angles (Burchard, 1914). Stein (1993) gave a detailed
overview of the history of production from a Moenkopi sandstone quarry
located three miles south of Flagstaff.

Volcanic rocks

DEFINITIONS

Block pumice--a legal definition, includes pumice which is greater than 5.2 ¢cm in one
dimension (Hoffer, 1991).

1Ashlar are rectangular or square stone blocks usually smooth on two parallel sides
commonly used for building facing.
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Pumice--light-colored, highly vesicular volcanic glass, commonly of rhyolitic
composition; vesicles are fine and uniform; glassy appearance (Harben and Bates, 1990).
Fragments greater than 6.4 cm called lump pumice; 0.4 to 6.4 cm called pumice (Hoffer,
1991)

Pumicite--shattered pumice consisting of grains, flakes, threads and shard of glass less
then 3 mm in diameter (also called volcanic ash, can have diverse chemistry) (Harben
and Bates, 1990)

Scoria--mafic version of pumice, fragments from 0.25 mm and larger, highly vesicular,
red to black pyroclastic material, usually andesitic to basaltic composition; vesicles are
coarse and variable; stony appearance (Harben and Bates, 1990).

Volcanic cinder--fragments less than 0.25 mm, highly vesicular, red to black pyroclastic
material usually andesitic to basaltic in composition; vesicles are coarse and variable;
stony appearance (Harben and Bates, 1990). Fragments of comparable composition that
are larger than 0.25 mm are called scoria (see above).

Scoria, cinder, pumice and pumicite

Background

Uses of scoria and volcanic cinder (or simply cinder in the discussion
below) include those of aggregate, cinder block, concrete, horticulture and
landscaping, abrasives, and railroad ballast. Key properties making scoria
and pumice valuable in construction are: light weight, insulating ability,
high fire resistance, and toughness (Harben and Bates, 1984; Mason, 1994).
Pumice has somewhat more specialized uses than cinder. The most
important uses of pumice and pumicite are shown in figure 3. A
particularly interesting use is in stone washing laundries particularly of
jeans in which lump pumice is used to abrade and soften denim (Scott,
1992, p. 35). Pumice and pumicite are used as an abrasive material for
dressing wood or metal and in domestic and industrial cleaning of surfaces
(Keith, 1986d). Uses included in "Other" in figure 3 are as an absorbent,
dilutent, filter aids, roofing granules, in water treatment, and as a road
metal (Bolen, 1994; Osburn, 1982)

Pumice and pumicite are primarily used in the fabrication of
building bricks. Construction related uses of pumice and pumicite make
up approximately 70 percent of the material consumed annually (Bolen,
1994). However, among materials produced and used as lightweight
aggregate (17 to 20 million tons) in 1983 to 1989 in the US, pumice and
pumicite accounted for only 2 or 3 percent of the total (350,000 to 500,000)
according to Mason (1994) who used data from the former BOM. Materials
used in lightweight aggregate are notable for having densities of 1.3 to 1.6
t/m3 when loosely packed as compared to 2 t/m3 and more for crushed
stone, sand, gravel, or air-cooled slags. Pumice, pumicite, and scoria with
densities between 1.4 to 1.8 t/m3 can be used in lightweight concrete
(Mason, 1994). Some pumice is pozzolan. When finely ground, it reacts
chemically with lime to form a hydraulic cement at normal temperatures
(Smith and Collis, 1993; Prentice, 1990). Pozzolan is sometimes used as
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part of Portland cement to increase sulfate resistance and reduce alkali-
aggregate reactions (White, 1991).

Lightweight aggregate must be tested for suitability before they can be
used in construction. The dry loose weight should be between 0.881 to
1.12t/m3 (Mason, 1994). Aggregate requirement for structural concrete is
given ASTM C 330. Table 1 lists the grade requirements of this test as fine
aggregate, coarse aggregate, or as a combination of the two (Mason 1994).
Two other ASTM tests are also applicable, C331 for concrete masonry units
(blocks) the grading requirement for which is given in Table 2, and C332 for
insulating concrete, the grading requirement for which is given in Table 3
(Mason, 1994; Geitgey, 1994).

Organic or iron oxide contaminants in lightweight aggregate can
cause undesirable discoloration in concrete and need to be kept to a
minimum. Hydration can cause obsidian fragments to expand and
damage cement (Geitgey, 1994). Other impurities may adversely effect
product integrity. Clay lumps need to be less than 2 percent by dry weight;
loss on ignition should be less than 5 percent except for cinders where loss
on ignition should be less than 35 percent (Mason, 1994).

Arizona Department of Transportation (1990) standard specifications
do not address lightweight aggregate, perhaps because these types of
concretes are unsuitable in highway structures. The Arizona Department
of Transportation (1990) does stipulate the Portland-pozzolan cement meet
ASTM C 595, but no special test is identified in their specifications for the
pozzolan material. Hoffer (1994) noted that pumice (either as raw or
calcined nature pozzolan) used in Portland-pozzolan cement should
conform to requirements of ASTM C 618-78 which considers compressive
strength, water requirement for flow, shrinkage during drying, and
effective reduction of alkali reactivity (U.S. Bureau of Mines, 1969; White,
1991). Schmidt (1956) as cited in Geitgey (1994) described using pumice in
controlling landslides in highway right of way.

Horticulture and landscaping

Mason (1994, p. 808) describes that "finer granular pumice is used in
potting soils and as a hydroponic growth medium." Pumice helps to
increase drainage in soil. Color of the cinder or scoria dictates how it is
likely to be used in landscaping. Dark reddish brown material is found in
vent areas; it becomes brown to dark gray with iridescent surface coatings
at intermediate distances and becomes very dark gray to black in the outer
edges of volcanic cone (Osburn, 1982). Color changes are related to a
decreasing ferric to total iron ratio varying from 95 percent in the vent area
to 5 percent in the outer edges of the cone (Osburn, 1982).

Stone washing laundries

Pumice functions in two different ways in the preparation of stone washed
fabrics--as an abrasive and as an acid-impregnated absorbent. Both soften
the garment and give it a worn look (Hoffer, 1994). The three most
important physical properties of pumice important in stone washing are
absorption capacity, apparent density, and abrasion loss; other factors
include moisture content, impregnation rate, surface fines, and coloration
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(Hoffer, 1994). Pumice of different sizes gives different effects. Small
fragments produce a more even worn look as compared to that produced by
coarser fragments (Hoffer, 1994).

Pumice used as an abrasive is formed into solid blocks, granules,
powders or bonded material. As pumice is brittle, wear produces a
continuous new crop of fresh cutting edges during use (Mason, 1994).
Examples of applications are: cleaning restaurant grills, cleaning tile, or
for cosmetic skin removal. Pumice is also found in heavy-duty hand
cleaners. (Mason, 1994). Suitability of pumice as a abrasive requires
uniformly fine vesicular material several times smaller than the particle
size of the surface to which it is applied (Geitgey, 1994). Nonpumice
fragments, particularly those harder than the pumice, can cause
undesirable scratches, and therefore, should be less than one percent. Less
than 0.5 percent is better, as attributed by Geitgey (1994) to Hess (private
commun., 1992). Preparation of pumice for abrasives is difficult and time-
consuming; suitable deposits are uncommon and these and others factors
make abrasive pumice prices up to 100 times higher than those of pumice
used in aggregate (Geitgey, 1994).

Three properties which give pumice a great diversity of uses are low
chemical reactivity, high surface area, and high porosity. This allows
pumice to have many uses as an absorbent. It can be used as a carrier for
pesticides, herbicides, and fungicides among others (Mason, 1994). Mason
(1994, p. 808) also notes that "lumps of pumice about 5 cm in diameter are
used in gas grills to absorb grease drippings and reduce flaming." Scoria
has been substituted for pumice in this application.

Geology

Scoria, cinders, and pumice are all products of explosive volcanism. All
involve the rapid loss of dissolved fluids from volcanic material on reaching
the surface. The distinction between scoria and pumice is based chiefly on
composition--mafic volcanic melts yield scoria while siliceous melts yield
pumice. When pumice is less than 0.16 inches (0.4 cm) in diameter, it is
called pumicite and can be carried great distances in the atmosphere
(Peterson and Mason, 1983). When scoria is less than 1 inch (2.5 ¢cm) in
diameter it is called cinder (Harben and Bates, 1984).

In general, scoria and cinder are deposited near the source volcanic
vent. Less dense, finer grained pumice is carried farther away. The
extremely fine-grained pumicite can travel thousands of kilometers. Keith
(1986d) noted that pumice is chemically comparable to rhyolite, quartz
latite, and dacite. Deposits are commonly lenticular and are found
interbedded with lava and tuff.

Known pits

Pozzolan, a highly siliceous pumice sand, is recognized at several sites
(Appendix A), one of which supplied material for concrete for the Glen
Canyon Dam in 1965 (MRDS No. 38) in eastern Peaks RD. About 200,000
short tons of materials was produced (Williams and Zinkl, 1965).
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Definition of permissive areas

Wolfe, Ulrich, and Newhall (1987) and Wolfe, Ulrich, Holm, and others
(1987) prepared geologic maps of the northwest part and central part of the
field. Newhall and others (1987) mapped the southwest part. These maps
all show a portion of the CNF.

A large number of cinder and scoria pits are particularly abundant
in the Peaks RD; they also are present elsewhere in the CNF. This material
has been, and will continue to be, produced. Cinder and scoria associated
with volcanic cones are a resource readily identified if present. The better
quality material is usually found in, or adjacent to, the youngest cones,
which makes this material easy to discover. In addition, the geometry of
unworked cinder cones can be one key to understanding its potential for
cinder and scoria (see Improving the assessment of discovered cinder
cones). Wind-fall material may not be identified so readily.

In the San Francisco volcanic field (Peaks RD, fig. 2), pumice is likely
to occur in major eruptive centers with andesite, rhyolite, and dacite
volcanics. Such eruptive centers include: Sitgreaves Mountain, Bill
Williams Mountain, and Kendrick Peak. A portion of Kendrick Peak is in
CNF; the other eruptive centers are in Kaibab NF. Pumice deposits
recognized on the east flank of Bill Williams Mountain (in Kaibab NF) are
poor quality as compared to 14 sources of pumice in the United States and
the world (Scott, 1992). The high density and low porosity of this pumice
makes it suitable only for landscaping and in road construction (Scott,
1992). Areas permissive for pumice are those with rocks of dacite and
rhyolite composition.

Models

Models for making quantitative predictions about undiscovered cinder,
scoria and pumice resources have not been developed; therefore an
evaluation of undiscovered resources is not available. On the other hand,
the CNF contains a considerable number of cones with identified cinder
and scoria resources that will be exploited before less accessible deposits are
considered. While estimates of volume of material in identified cinder
cones are possible, models characterizing the chemical and physical
properties of scoria, cinders, and pumice for appropriateness for their
various uses have not been developed. A model for scoria, cinder and other
unconsolidated basaltic material of durability in aggregate is available and
described in aggregate section.

Resource estimate status

Osburn (1982) showed that the ratio of height to basal diameter, or the
aspect ratio, is usually between 0.1-0.2 for cinder cones that can be mined.
Cones with lower aspect ratios contain more flows. Cones with an aspect
ratio greater than 0.2 contain agglutinate blocks which makes extraction
difficult (Osburn, 1982). Measuring aspect ratio from topographic maps
can help identify which cinder cones should be considered initially as a
source of cinder.
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Scott (1992) found that roughly half of the 200 or more cinder cones in
the Chalendar and Williams Ranger District in the adjacent Kaibab NF
have aspect ratios between 0.1 and 0.2. Scott (1992) also found that 75
percent of all pits are located on cones with aspect ratios between 0.1 and
0.2. No systematic relation was found by Scott (1992) between cinder cone
composition type and the presence or absence of cinder quarries.

Most of the cinder and scoria in the CNF are associated with
identified cinder cones. Some finer-grained material may be located beyond
the cones, but represents a small amount of material in comparison with
material in identified cones. Some complex cones may be difficult to assess.
A portion of each cone can also be expected to contain some vesicular flows
and agglutinate fragments that will make extraction difficult (Harben and
Bates, 1984).

Basalt and related rocks

The main use of basalt and other dark, fine-grained igneous rocks is
as crushed stone in concrete and aggregate. Harben and Bates, (1984, p. 63)
notes that "basalt is * * * melted and cast into floor tiles and acid-resistant
equipment for heavy industrial use." Basalt use as a dimension stone is
dependent on fashion. In the past it was not used as dimension stone
because it was thought to have a somber appearance (Keith, 1969a).
However, dark colored stone has become fashionable and can demand a
premium price. Quarrying basalt can be difficult due to its lack of joints
and its tendency to blast into irregular sized and shaped blocks. Basalt and
related rocks are the highest density material used as aggregate, which
precludes shipping it great distances. On the other hand, basalt's high
density makes it preferable for other uses where high density is needed,
given other rock characteristics are acceptable.

Abundant Tertiary and Quaternary basalts are found in the San
Francisco volcanic field, which was active during the Pliocene and
Pleistocene (Newhall and others, 1987). Compositionally the material is
basalt and basaltic andesite with lesser amounts of andesite, benmoreite,
and dacite.

A model developed for assessing basalt and related rock types is
found in the section on aggregate. The CNF contains considerable
identified basalt and related rocks in accessible outcrops that will be
exploited before less obvious resources are considered. Possible suitability
of basalt and related rock types as dimension stone in the CNF needs to be
addressed and appropriate sampling has to be made in future assessments.

Quaternary to Recent clays

High silica clay is found adjacent to and likely extends under Roger
Lake, 14 km west-southwest of Flagstaff (MRDS No. 9). Lane (1992)
described the clay as a montmorillonite-kaolinite with a high bloating factor
possibly suitable in fabrication of lightweight aggregate. Analysis of some
of the material is reported as possibly suitable in facia brick, or tile (Lane,

15



1992, table 1). An approximate endowment of the Roger Lake deposit is 18
million t (Lane, 1992).

All enclosed basins, with or without lakes, within the San Francisco
volcanic field should considered as possible target areas for clay deposits,
possibly comparable to the one recognized at Roger Lake. The volcanics in
the Roger Lake area are predominantly Pliocene (?) and Miocene basalt
flows and vent deposits (Wolfe and others, 1987). Perhaps other basins with
the same type and age of adjacent rocks may be particularly suitable for the
development of these clays.

Two sites with clay are noted southeast and south of the CNF in the
Tonto NF. One is Chris Clay deposit (MRDS Nos. 7) and the other is for
Florence Ceramics (MRDS No. 8) which contains kaolinitic clay.

Other industrial minerals

Additional investigation is needed about some industrial minerals.
For example, some geologic environments may be present for several other
industrial mineral deposit types that are not considered in this report. This
includes lacustrine borates (Orris, 1992b) in the Verde Formation for which
there is little direct evidence of mineralization. Extensive exploration for
borates in 1870-1880s likely left few promising sites unexamined (G.J.
Orris, verbal commun., 1995) although the exploration history of the Verde
basin has not been documented. Water wells in the area should also have
notable levels of B (perhaps in the 50-100 ppb) or Li (G.J. Orris, verbal
commun., 1995) which may effect the suitability of using the water in
agriculture. Twenter and Metzger (1963, p. 95) describe the "water from
most wells and springs is generally of a chemical quality for use by plant
and animals...[with a] dissolved-solids content * * * less than 500 ppm."
Additional checking of spring and well water chemistry is needed,
however. The Pliocene and Miocene ages of the Verde Formation, and the
presence of contemporaneous volcanism as suggested by locally
intertongued basaltic and dacitic pyroclastic deposits (Weir and others 1989)
are both characteristics of basins with borates (Orris, 1992b). Given that
borate minerals can be fine-grained and often recognizable only by analysis,
undiscovered borate deposits cannot be completely discounted.

Aggregate
Background

Natural aggregate include both crushed stone and sand and gravel.
Processing is commonly limited to crushing, washing and sizing (Langer,
1988). There is a fundamental division in the aggregate classification
between that produced by crushing stone and that produced from
unconsolidated surface material. Aggregate is subdivided based on grain
size. Sand and gravel deposits should consist of at least 25 percent gravel-
sized (4.76-76.2 mm) grains (Langer, 1988). Coarse aggregate include
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grains predominantly greater than sieve No. 4 (4.76 mm); most fine
aggregate particles are expected to pass a No. 4 sieve (0.187-in square
opening, 4.76 mm), retained or passed on the intervening sieves, but with
little material passing the No. 200 sieve (0.074 mm). A few particles may be
included between the 3/8-in sieve (9.52 mm) and No. 4 sieve (4.76 mm)
(Huhta, 1991).

These rules define aggregate at the level of a resource base (Harris,
1984) which includes identified (and perhaps undiscovered) material,
suitable and unsuitable for extraction and without regard to economics.
Cox and others (1986, p. 1) define a mineral deposit as "a mineral
occurrence of sufficient size and grade that it might, under the most
favorable of circumstances, be considered to have economic potential." For
aggregate, the word "grade" may be replaced by "geotechnical
characteristics." In some regional studies, available data may only allow
description of aggregate in no greater detail than resource base. Perhaps a
better general definition is possible if geotechnical details, important to
extractors and users, are considered.

Geotechnical considerations

Use criteria for aggregate can vary from one governmental unit to
the next, reflecting local geology, climate and local attitudes concerning
aggregate suitability. The intended use for the aggregate is equally
important. Suitable aggregate must behave in ways that meet minimum
geotechnical criteria (percent fines, grain-size distribution, durability,
reactivity) to insure roadways and structures constructed with these
materials have acceptable longevity and are within acceptable safety limits.
One way to measure aggregate usability is to test and use only aggregate
that meet standards defined by ASTM, AASHTO, and by local and state
governments. For example, see the Arizona Department of Transportation
(ADOT) (1990) standard specifications for road and bridge construction.

Despite the large number of standards in use, some broad
generalizations are possible. Review of studies by Zdunczyk (1991), Marek
(1991) and Goldman (1994) suggest some general minimum specifications;
ADQT standards are given as well if available and are as follows:

* soundness -- coarse aggregate should exhibit a reduction of particle
sizes of less than 10 percent using ASTM Test C88. ADOT
requirements for aggregate in concrete placed above 4,500 ft elevation
are that they have a reduction of particle sizes of less than 10 percent
using AASHTO T 104.

¢ hardness and strength -- Los Angeles abrasion (wear) test of coarse
aggregate gives a loss of material passing the No. 12 sieve (1.68 mm)
of less than 30 percent using ASTM Test C131. ADOT requirements
are a loss of less than 40 percent using AASHTO T 96.

¢ specific gravity -- should be greater than 2.55 using ASTM Tests C127
and C128.

¢ grading -- fine aggregate should contain no more than 45 percent of
material between two consecutive standard sieve sizes. ADOT
requires coarse aggregate gradation to conform to specifications in
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AASHTO T 43 when tested in accordance with the requirements of
Arizona Test Method 201.

e fines -- no more than 5 percent of the material should be less than
the No. 200 sieve (0.074 mm). ADOT requirements are the amount of
material passing No. 200 sieve not to exceed 1.0 percent.

¢ fineness modulus -- a single number index used to report the degree
of coarseness or fineness of fine aggregate and computation, as
described by White (1991, p. 13-8), as " adding the total percentages, by
weight, of an aggregate sample retained on each of a specified series of
sieves, and dividing the sum by 100." Lower values indicates a finer
material and higher values a coarser material. Fineness modules is
important in mix design of portland and asphalt concretes, and should
be between 2.3 and 3.1.

¢ sand equivalent -- a test as described by Marek (1991, p. 3-39) "to
indicate the relative proportion of plastic fines and dust to sand size
particles;" the ratio should be no less than 77 percent using ASTM Test
D2419.

¢ absorption--Increase in particle weight should not exceed 3 percent
using ASTM Test C127.

These specifications clearly restrict the definition of a sand and gravel
deposit and some crushed rocks pits; therefore the size of the aggregate
resource base is reduced. For geologists and others examining or
assessing sand and gravel deposits for possible consideration as a source of
aggregate without use of testing facilities, two general characteristics
should be noted:

(1) sand and gravel should make up at least 85 to 90 percent of the
deposit. Boulders and cobbles may also be included in this calculation
if they can be readily crushed. These criteria are not as stringent as
those outlined by Goldman (1994). This is because the aggregate
industry currently processes material with 10 to 15 percent fines
(Drake, 1995). Increased percentage of fines adds expense during
extraction, dredging, hauling and disposal or stockpiling. The single
problem shared by nearly all aggregate facilities is the production of
unusable fines. Discovering a way to use these fines is one of the
biggest challenges facing the aggregate industry.

(2) sand and gravel deposits should be well graded, not well sorted. One of
the most commonly held ideas among geologists unfamiliar with the
aggregate industry is that well-sorted sand and gravel deposits are best.
Only one or two mesh sizes may be represented in a well-sorted deposit.
Such deposits are not economical because construction companies need
sand and gravel aggregate with a mix of grain sizes as defined by the
ASTM and other agencies. These standards stipulate that the material
must have an interval of particle sizes within certain tolerances.
Therefore, aggregate suppliers seek poorly sorted deposits that have wide
range of needed grain sizes in a continuous sequence. These are well-
graded deposits. As the price of aggregate goes up and the number of
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readily available suitable deposits decrease, many producers will become
more tolerant of sand and gravel deposits which have more silt or are better
sorted. These two criteria represent only a part of the specifications which
define usable aggregate.

Aggregate for specific uses, particularly in building and road
construction, may require detailed evaluations of the following: fragment
geometries, external coatings, impurities, fragment mineralogy and
textures, flakiness, amounts of soft/friable fragments, level of hydration,
alkali-silica reactivity, other types of chemical reactions, susceptibility to
leaching, thermal incompatibility, excess polish and excess shrinkage.
Aggregate requirements change from place to place, reflecting different
climates and other local conditions. All these factors will need to be
considered for modeling given adequate data and expression of assessment
needs.

Surficial alluvial aggregate

Introduction

Areas that may provide a future supply of surficial alluvial aggregate
are identified using three broad criteria: compilation of sites used for past
production, geology and geomorphology, and soil surveys.

The qualities of aggregate deposits important to end use has been
established by organizations concerned with the durability and stability of
roads and others engineering structures. For example, AASHO developed
a rating system with seven classes (A-1 to A-7) where A-1 is assigned to
soils with the highest bearing strength (i.e., best for subgrade) and A-7 is
assigned to soils which have the lowest strength when wet. ASTM has
developed a large number of different standards of geotechnical measures
for aggregate. The grain size distribution must be well graded. This can be
demonstrated using ASTM [standard] C-33 which gives the acceptable
range of grain sizes retained by various sieve sizes for use as fine grained
aggregate (ASTM, 1993); 13 grade requirements have been developed of
coarse aggregate (ASTM, 1993, table 2). While some standards are
established with possible national and international application, local ones
can be devised as well. For example, Arizona Department of
Transportation (1990) has a different size requirement for fine-grained
aggregate than the one given by ASTM (table 3). One useful measure of
material suitability for use is the plastic index (PI). It is the range of
moisture content that gives a material plastic properties (Krynine and
Judd, 1957) and is used to indicate the presence of undesirable minerals in
alluvium. For example, ASTM D 3515 requires PI to be 4 or less for
material used in asphalt concrete mixtures (White, 1991). Other important
characteristics of surficial aggregate deposits include sufficient volume to
justify extraction, proximity to market and transport, accessibility (spatially
and legally), and minablity.
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Verde Valley study

Cox (1995) reported on the sand and gravel resources in the Verde
Valley along the southwest edge of the CNF. Six tracts with geologic units
known to contain sand and gravel deposits were developed using a number
of recently published large scale maps of Quaternary geology including
House and Pearthree (1993), Pearthree (1993), and House (1994). The quality
of sand and gravel is qualitatively described for each tract as well as for the
active channels of the Verde River. Cox (1995, map 1) identified sand- and
gravel-bearing units as thin (< 40 feet) or thick (> 40 ft); well or poorly
sorted; with or without atypical clast-lithologies (for the area); and those
with or without riparian vegetation. Cox (1995) found that the details were
sufficient in the large scale maps used in the study to successfully
distinguish among the various types of sand and gravel resources using
depositional setting or geologic age. This level of mapping of Quaternary
geology is not common in Arizona for areas away from major cities.

Soils

Wheeler and Williams (1974) reported the results of a soil survey in
the Long Valley area (includes all of the Blue Ridge RD, Long Valley RD,
and the southern half of Beaver Creek RD; see fig. 1). Three soil series were
noted as possible sources of aggregate--the Arizo which was rated good for
sand and fair to good for gravel (50 to 90 percent gravel), the Cowan series
which was rated good for sand but unsuitable for gravel, and the Friana
soil series which was rated fair for gravel (60-70 percent gravel) but
unsuitable for sand. The Arizo soil series, likely with the best quality soil in
terms of clast sizes in the Long Valley Area, is mapped as a part of the
Cowan soil series. The Arizo and Cowan soil series were also rated good

(A-1, A-2 respectively2) as a source of road fill. The Arizo is classified as

very gravely coarse sand and sand3 with 15-55 percent passing sieve No. 4,
10-55 percent passing sieve no. 10, 5-15 percent passing sieve no. 40, and 0-5
percent passing sieve no. 200; the Cowan is classified as a loamy fine sand,
fine sand loam, and loamy sand with 100 percent passing sieve No. 4, 100
percent passing sieve no. 10, 50-75 percent passing sieve no. 40, and 15-30
percent passing sieve no. 200 (Wheeler and Williams, 1974, Table 9). Depth
from surface is 0 to 60 inches; depth to bedrock is usually greater than 60
inches. The Friana soil series was rated good for fill (A-1) but only below a
depth of 28 inches (Wheeler and Williams, 1974, Table 10).

The Arizo series develops on various types of materials in flood plain
alluvium and is particularly prominent along the West Clear Creek and the
Verde River. Soil surface tends to be irregular. Wheeler and Williams
(1974) noted that the primary use of the soil is as a source of sand and

2AASHTO rating system with seven classes (A-1 to A-7) where A-1 is assigned to soils with
the highest bearing strength (i.e., best for subgrade) and A-7 is assigned to soils which are
the worst with the lowest strength when wet (i.e., clayey soils ).

3U.S. Department of Agriculture standard texture classification.
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gravel. Impurities include calcareous material throughout (pH of 8.4) and
organic material in the upper part (as thick as 30 cm (12 in.)) The typical C
horizon (up to 1.4 m thick) may contain up to 80 percent cobbles of which
many have calcareous coatings (Wheeler and Williams, 1974). The Cowan
series (in the which the Arizo is found) develops on flood plains and low
terraces containing sandstone and limestone adjacent to the Verde River
and West Clear Creek. Impurities included calcareous material
throughout (pH of 8.4) and organic matter in the upper part (as thick as 51
cm (20 in.)) The two soil series are mapped together and these areas can
have 1) one or the other soil, 2) soils adjacent to one another, and (3) one soil
overlaying the other. The proportion of the two soils is highly variable and
no estimate of percentages is provided by Wheeler and Williams (1974).
Total area of the Cowan and Arzio soil series is 360 ha (890 acres). [Given
an average thickness of 1.8 m (6 ft), the total volume of the two soils is on the

order of 6.5 million m3.] Perhaps about half the area (i.e., the Arizo series

only) is appropriate (3.3 million m3) if a source of both sand and gravel is
sought. The overall thinness of the sand and gravel makes this soil less
attractive. Thicker sections of sand and gravel within the soil might be
sought.

The Friana series develops over very gravelly, cindery clay in old lake
beds and depressions. These surfaces tend to be nearly level and are found
as open parks and meadows in areas with basalts covered by pine trees.
They develop from various types of material including volcanic ash, cinder,
and basalt in horizons that are between 0.89 to 1.5 m (35 to 60 in.) thick.
Gravel is found 0.70 m below the surface and to a depth of about 1.4 m
which give an average gravel thickness of 0.7 m which in terms most sand
and gravel deposits is too thin to be considered viable as a major supply.
Total area of the Friana soil series is 460 ha (1140 acres). [Given an average
thickness of 0.7 m (2.3 ft), the total volume of the two soils is on the order of

3.2 million m3.]

A number of other soils are described and located in the report by
Wheeler and Williams (1974) as good for road fill but not as a source of sand
and gravel. They include the Anthony (good, A-2), Overgaard (good to 10
inches, A-2), the Sanchez (good to poor, A-2 and A-6), and the Tortugas
(good, unrated using AASHTO code).

Sources of impurities

Thin layers of bituminous-rank coal have been reported in the upper
Paleozoic rocks of Fossil Creek Canyon in the Fossil Springs Wilderness.
This area extends south into Tonto National Forest. Coal can be a
deleterious mineral to surficial aggregate, particularly for fine aggregate
used in fabrication of concrete roof tiles and may result in either leaky or
cracked tiles. However, coal is not a usually a problem in other types of
concrete or in road construction (Prentice, 1990).
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Alluvium characteristics inherited from bedrock sources

Background

Weathering and erosion of bedrock generates alluvium of varying quality.
The summary that follows gives general characteristics of alluvium in
basins developed along streams from various bedrock units as described by
the Arizona Highway Department (1972) and Arizona Department of
Transportation (1975). Geologic units are those used by Lane (1992) with
some additions from Weir and others (1989) for age and lithology.
Pennsylvanian and Permian rocks are particularly complex and have been
variously subdivided and grouped (Wier and others, 1989). As many basins
and watersheds contain a mix of bedrock lithologies, the alluvium will have
a mixture of qualities, some of which are noted below for various rock types:

Basaltic volcanic rocks.

Nearly all rocks of this type weather to form clays. Streams draining the
extensive outcrops of these rocks in the CNF contribute to the large areas
where suitable aggregate is absent.

Silicic volcanic rocks.

Weathering and erosion of silicic volcanic rocks can generate good quality
sand and some gravelly sand but gravel-rich deposits are rare. Steam
basins in the Peaks RD, particularly on the flanks of the San Francisco
Peaks are most likely to have this type of aggregate.

Verde Formation.
This Tertiary unit is fine grained and not a source of alluvial aggregate.

Moenkopt Formation

Parts of the Moenkopi include: siltstone, claystone, sandstones and minor
conglomerate near the base (Kiersch, 1955; Weir and others, 1989), and
some parts have been used as a source of dimension stone. The lithologies
it contains do not make it a promising source of alluvial aggregate with the
possible exception of the basal conglomerates.

Kaibab Formation
The Kaibab consists of interbedded sandy limestone, sandstone, and chert,
and weathering generates a very friable mixture of material.

Toroweap Formation and Coconino Sandstone

The lower Permian Toroweap Formation (which has been variously divided
and also can include the Coconino Sandstone and is sometimes included
with the upper part of the Supai Formation) is a sandstone, siltstone,
mudstone, and conglomerate, with some minor dolomitic limestone. The
Coconino Sandstone of lower Permian age (Weir and others, 1989) weathers
and erodes like the other units noted here to generate sand and silt of a
quality not suited for aggregate. PI values have been found between 7 and
20.
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Supai Formation

The Permian Supai Formation of thinly layered sandstone and lesser
amounts of siltstones weathers and erodes to generate a silty sandy
alluvium with friable fragments not suited for aggregate. PI values have
been found between 7 and 20. The unit crops out extensively particularly in
the Sedona RD (fig. 1).

Redwall and Martin Limestone.

Streams developing on these Mississippian and Devonian age units can
contain good-quality sand and gravel deposits free of contaminates.
Unfortunately the units crop out in relatively small areas in the CNF.

Tonto Group (Tapeats Sandstone only).

The lower part of the Cambrian age Tapeats Sandstone is a sandstone, both
massive and crossbedded, with coarse sand and pebble lenses. It may be
arkosic (Weir and others, 1989). The upper part is soft calcareous siltstone
and mudstones. Weathered rocks from the lower part are free of clays and
have a low plastic index (PI, a desirable property). Inspection of the
geologic map by Lane (1992, plate 2) shows the Tapeats with two relatively
limited outcrops along the Verde River, south of Camp Verde, in the Beaver
Creek RD (fig. 1).

Precambrian Schist

Schist tends to generate soft fissile material of poor quality for use as
aggregate. An outcrop of schist is noted along the Verde River south of
Camp Verde (Lane, 1992) in the Beaver Creek RD (fig. 1).

Sources of crushed stone for construction and riprap

Introduction

Following is a summary of general characteristics of various
geologic units (Arizona Highway Department, 1972; Arizona Department of
Transportation, 1975) within the CNF and their likely suitability as sources
of crushed stone. Geologic units are those used by Lane (1992) with some
additions of Weir and others (1989) for age and lithology. In general, most
sandstone units found in Arizona do not meet abrasion requirements and
are not usable in asphalitic concrete (Langland, 1987). As noted in the
section on alluvium, Pennsylvanian and Permian rocks have particularly
complex stratigraphy and have been variously subdivided and grouped.

Basaltic volcanic rocks
As noted previously, basalts are abundant in the CNF. They cover
more than three quarters of the forest lands, and are found in two major

fields: the San Francisco volcanic field in the Peak RD and Mormon Lake
RD (fig. 1), and the Mormon Mountain volcanic field found in Mormon
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Lake, Blue Ridge, and Long Valley RDs, and eastern parts of Beaver Creek
RD. The Mormon Mountain volcanic field is slightly older and is
dominated by Pliocene (?) and Miocene basaltic volcanic rocks in flow units
from about 6-12 m thick. Lessor amounts of andesite are found in domes,
flows and pyroclastic deposits (Weir and others, 1989). Tertiary and
Quaternary basalts are found in the San Francisco volcanic field which was
active during the Pliocene and Pleistocene (Newhall and others, 1987).
Compositionally the field is dominated by basalt and basaltic andesite with
lesser amounts of andesite, benmoreite, and dacite. Basalts and related
lithologies have been mapped and studied in numerous studies in and
adjacent to the CNF, some of which are identified in the introduction.

A somewhat expanded discussion on basalt is included here because
they are so prevalent in the CNF, and likely a continued important source of
aggregate. Basalts found in the CNF have been used by ADOT in asphalt
mix for road surfaces (Lane, 1992). A number of sites used as a source of
aggregate and other construction material by ADOT are described in a
material inventory of Coconino and Yavapai Counties (Arizona Department
of Transportation, 1975; 1972). See figure 2 for the areas of each county
within the CNF.

While basalts can be an excellent source of good quality aggregate as
well as fair to excellent riprap (Kiersch, 1955), weathering produces clays,
including montmorillonite, that can occur in seams which may not be
apparent until quarrying is underway. Intrusive basaltic rocks are less
uniform in composition and geotechnical properties and often crop out in
ways that make them difficult to mine. As a general rule, younger basaltic
volcanic rocks are better than older ones. Therefore, basalts found in the
younger San Francisco volcanic field are likely to make better aggregate
than those found in the older Mormon Mountain volcanic field.

Basalt and diabase (gabbro or basalt composition) are identified by
stone producers as "trap" rocks when intrusive (Dunn, 1991). Composition
and mineralogy of these rocks effect their use as aggregate. Glasses are
frequently present in extrusive rocks, particularly those with more silica.
These rocks then are highly reactive with the alkali in Portland cement.
Basaltic and related rock types also can be mechanically weakened by the
presence of the round grains of olivine, particularly if abundant. Olivine's
rounded crystal form does not interlock well with other minerals or the
matrix (Dunn (1991). Quartz (albeit a mineral not commonly found in
basalt) is an example of a mineral which tightly interlocks with other
crystals (Dunn, 1991; Herrick, 1994). Brattli (1992) found that mechanical
strength also decreased as the amphibole to pyroxene ratio increased.
Dunn (1991) suggest that amphiboles (actinolite, tremolite, anthophyllite)
have more brittle crystals and this may account for some of the decrease in
strength as reported by Brattli (1992).

Ferromagnesian minerals in basalts and related rock-types weather
rapidly under humid climates, producing swelling clays (e.g., smectite)
which destroy the mechanical integrity of the rock (Prentice, 1990). Surface
weathering reduces both impact strength and abrasion strength
(Haraldsson, 1984). Like weathering, hydrothermal alteration of igneous
and other rock types can make them unsuitable for use as aggregate
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(Dunn, 1991). Additional mechanically weakness may be due to deuteric
alteration of the olivines (by late stage fluids associated with the magma)
where the minerals formed may include clay and hydrous iron minerals
(iddingsite) (B.B. Houser, written commun., 1997).

Brattli's (1992) study of basaltic igneous rocks suggests that strength
increases as the mean grain size decreases and is particularly strong for
mean grain sizes under 1 mm. This and possibly other geologic properties
may be promising in predicting the mechanical properties (e.g., impact
value, flakiness value, abrasion value, etc.) of basaltic rocks given absence
of direct measurements.

Presence of cracks and flaws (e.g., holes) affect mechanical strength
and are found both along grain boundaries and within the minerals. Most
cracks have lengths "usually 1/10 the grain size" (Brattli, 1992, p. 37). Some
dense gabbros and diabases can be nearly crack-free (Spunt and Brace,
1974). Rocks with smaller grains can also be expected to have shorter
cracks which contributes to better mechanical strength.

The discussion to this point clearly shows that basalt and related rock
types have both good and bad features when used as aggregate. Prentice
(1990, fig. 3.5b) showed that most basalt can have the same low aggregate
abrasion values (results of a UK test somewhat analogous to the Los
Angeles abrasion test) as seen for granite. A preliminary model of the Los
Angeles abrasion (wear) test (LAWT) results showed low aggregate
abrasion values for Quaternary and Tertiary basaltic rocks (fig. 4) from 13
sites in Coconino and Yavapai Counties in and adjacent to the CNF plus 6
sites in basalts from New Mexico. All the sites have LAWT values less than
40 percent loss which is a common maximum in standards for material
used as aggregate. These results, as a group, have a distribution of values
which can be described using the normal distribution as a preliminary
model (fig. 4). The test used to compare sample distributions of Los Angeles
abrasion (wear) test values to normal distributions was Lilliefors' test, a
special form of the Kolmogorov-Smironov test (Rock, 1988). Some values in
models which follow are transformed into logarithms when the histograms
for engineering characteristics were skewed. In the Lilliefors' test, the
Kolmogorov-Smironov test statistic, dpmax, is compared to a table of critical
values based on the mean and standard deviation from the sample data, not
the parent population. The normal or lognormal distribution were rejected
as being inappropriate to describe the sample distribution at the 5-percent
confidence level.

Herrick (1994) reports that the average LAWT for basalt commonly
used for crushed stone is 14 percent and a little lower than the mean value
of 21 percent in the preliminary model (fig. 4). On the other hand,
unconsolidated cinders, clinkers and other unconsolidated basaltic
materials are less suitable in terms of LAWT results with slightly less than
half the sites exceeding the 40 percent maximum loss usually allowed for
use as aggregate (fig. 5). These results, as a group, have a distribution of
values which can be described using the normal distribution as a
preliminary model (fig. 5). While cinders, clinker and other
unconsolidated basaltic material are easier to mine, their quality is poor
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and their low durability will make roads on which they are used subject to
more frequent maintenance.

Data on basalts for sites beyond the study area as reported by others
tend to have higher variability in aggregate abrasion values; about 15
percent of the samples have values greater (that is, of poor quality) than
observed in granites (Prentice, 1990; fig. 3.5b). On the other hand, another
UK test, the aggregate crushing test (percent fines produced when
standard pressure applied to sample for 10 minutes) shows basalt to be
clearly better (less fines) than granite, at least in the context of the test
(Prentice, 1990; fig. 3.2b).

Silicic volcanic rocks

Rhyolites are much less abundant than basalts in the CNF. The
closest lithology to rhyolites in the Mormon Mountain volcanic field is a
rhyodacite dome on the south side of Mormon Mountain and a small dome
south of Mormon Lake, both in the Mormon Lake RD (see Weir and others,
1989). Rhyolites are more common in the San Francisco volcanic field
(Wolfe, Ulrich, Holm, and others (1987), particularly around the major
eruptive centers both in or adjacent to the Peaks RD. Most outcrops are for
domes although a few rhyolite flows are noted. An example of rhyolite
domes outside of major eruptive centers is an outcrop six miles southwest
of Flagstaff at vent 0614 (see sheet 1, Wolfe, Ulrich, Holm, and others (1987).

Three major eruptive centers in the San Francisco volcanic field and
in the CNF are Kendrick Peak, O'Leary Peak and the extensive San
Francisco Mountain complex. The Kendrick Peak center, in northwest
Peaks RD, is partly in the CNF and partly in the Kaibab NF. Seven or eight
rhyolite domes are recognized. A rhyolite dome is recognized at Robinson
Crater, part of the O'Leary Peak eruptive center, northeast of San
Francisco Mountain (Moore and Wolf, 1987). The San Francisco Mountain
eruptive complex, north of Flagstaff, includes several rhyolite domes and a
few flows of various sizes include ones seen at Core Ridge, Doyle Spring,
Hochderffer Hills, Raspberry Springs, Sugarloaf Dome, and White Horse
Hills ( Wolfe, Ulnch Holm, and others, 1987).

Rhyohtes and related extrusive rocks can make good quality
aggregate. As a rule of thumb, coarse-grained igneous rocks tend to have
weaker interlocking grains than ones with fine to medium grain sizes.
However, they are silica rich and are more likely to contain glass, which is
highly reactive with the alkali in Portland cement (Dunn, 1991). Flow-
banding may result in undesirable elongated fragments in crushing (Smith
and Collis, 1993). Jointing is common and can make outcrops easier to
work but may also generate oversized blocks requiring boulder blasting.
Platy jointing can occur in smaller intrusive bodies and result in
undesirable slabs during crushing.

A preliminary model of LAWT results is developed for rhyolites
found in New Mexico (fig. 6) and may be applicable to similar, but less
abundant, lithologies in the CNF. The rhyolitic model is problematic in
that the highest value (39 percent loss) and lowest value (11.2 percent loss)
were excluded from the data set. The distribution used to describe the
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remaining data is logarithmic (log base 10) as the data are skewed. A
variety of intermediate to silica-rich lithologies is included and
improvement in the preliminary model is likely (and needed) given more
data. In terms of LAWT results, this group of sites is very comparable to
those given for basalts (fig. 4). Herrick (1994) reports that the average
LAWT for felsite (includes andesite, dacite, rhyolite and trachyte)
commonly used for crushed stone is 18 percent and comparable to the
geometric mean of the preliminary model of 20 percent (fig. 6).

Verde Formation

Most of the unit is not sufficiently consolidated to be crushed; some of
the limestone lenses may be crushable but would supply only a limited
amount of materials.

Chinle Formation

The unit varies from siltstones and sandstones in the lower part, has
increasing claystone in the middle, and alternating beds of siliceous
limestones and siltstones near the top (Kiersch, 1955). The limestone
stringers and lens are likely sources of aggregate of varying quality
(Kiersch, 1955).

Moenkopi Formation

This includes an assemblage of siltstone, claystone, sandstone and
minor conglomerate occurring near base (Kiersch, 1955; Weir and others,
1989). While used as source of dimension stone, its suitability for quality
aggregate is not known. Some of the blocky sandstones in this formation
are a fair quality riprap (Kiersch, 1955).

Toroweap Formation and Coconino Sandstone

The Toroweap Formation is predominantly a cross-bedded quartzose
sandstone (Weir and others, 1989). No report on its use as aggregate or
riprap was found.

The crushing strength of limestone in the Coconino is reported in
Kiersch (1955) to be between 4,500 and 9,400 pounds per square inch (PSI)
(320 and 1,200 kilograms per square centimeter (kg/cm2)) based on tests of 4
fine-grained, freshly quarried blocks. The average crushing strength is
about 6,700 PSI (470 kg/cmz). These samples were collected in the Navajo-
Hopi Indian Reservations and may not be representative of limestone in the
Coconino Sandstone in the CNF.

Kaibab Formation
Langland (1987) noted that the Kaibab Formation has been considered

a suitable source of limestone because it contains 70 percent or more
calcium and magnesium carbonates. However, like other limestones, it

27



may be undesirable as a surfacing material due to poor frictional properties
(Langland, 1987). Polishing of coarse aggregate in the wear surface of
roadways is commonly due to uniform wearing of the aggregate
microtextures, particularly those which are fine grain, like limestones.
Use of limestone in the wear surface is usually considered suitable if the
insolubles are 10 percent or greater (White, 1991). Kiersch (1955) reports
that blocky limestone beds in this unit have provided good quality riprap.

A LAWT preliminary model of material taken from quarries and pits
in the Kaibab Formation (fig. 7) in northern Arizona suggests that about a
fourth of the sites have test results which are too large--exceeding the 40
percent loss limit--usually required for use in aggregate. The distribution
used to describe the data is logarithmic (log base 10) as the data are skewed.
Herrick (1994) reports that the average LAWT for limestone found
elsewhere, outside this study, and commonly used for crushed stone is 26
percent which is lower than the geometric mean of 31 percent in the
preliminary model (fig. 7).

Supai Formation.

The Permian Supai Formation consists of thinly layered sandstone
and lesser amounts of siltstones. Elsewhere in the Colorado Plateau,
limestone lenses have been located and used as fair quality, although small
size, riprap (Kiersch, 1955). The unit crops out extensively, particularly in
the Sedona RD (fig. 1).

Redwall Limestone

This Mississippian-aged unit commonly crops out as cliffs consisting
of massive limestone, about half of which consists of dolomite. Chert and
shale beds are also present and degrade the value of crushed stone
produced if included. Mineability may be an issue, considering the nature
of outcrops.

Three areas need to be checked as a location for possible production of
crushed limestone within the Coconino NF as discussed previously.

Martin Limestone

This Devonian-aged unit consists mostly of dolomite that may be
suitable as a crushed stone aggregate if not too reactive; particularly if the
thin shale beds are avoided.
Tonto Group (Tapeats Sandstone only)

The lower part of the Cambrian age Tapeats Sandstone is both

massive and crossbedded, with coarse sand and pebble lens but its
suitability for crushing in unknown.
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Precambrian schist

Most schist is fissile and not suitable for crushing.

Metals

Introduction

The CNF is notable for the absence of metallic deposits within its
boundaries, but a number of formations which are in the CNF do host
metallic deposits elsewhere. The three metallic deposit types discussed
here lack deposit models: (1) strata-bound manganese, (2) replacement iron
deposits, and (3) the base-metal-enriched remnant deposits of solution-
collapse breccia pipe uranium deposits. Sediment-hosted Cu deposits, red-
bed type, are recognized as permissible in the CNF based on tracts found in
the mineral-resource assessment for undiscovered resources of gold, silver,
copper, lead, and zinc in the conterminous United States conducted by the
USGS from 1993 through 1995 (Ludington and Cox, 1996)).

Strata-bound manganese

Four manganese occurrences have been described in the CNF in the
Long Valley district. The Long Valley Ranger and Blue Ridge RDs (fig. 1),
are described in MRDS Nos. 2 (Dennison Group), and 5 (Shoup Group).
Other nearby occurrences are described in MRDS Nos. 3 (Lost Apache
claim) and 4 (Blue Ridge property) (fig. 2). Welty and others (1989) classified
the Long Valley mineralization as strata-bound and (or) stratiform.
Farnham and Stewart (1958) classified these occurrences as replacement
and residual deposits. The Coconino Sandstone at Long Valley has
manganese in thin beds and nodular masses, some of which are as large
as 100 tons (Dorn, 1969). Farnham and others (1961) described manganese
mineral in soil and gravel, which may be detrital.

Dorn (1969) also suggested that some manganese may be precipitated
as manganese oxides from groundwater. Cox (1991) suggested that
similar-type deposits in northwest Virginia were also transported by
ground water. The Coconino Sandstone may provide a geochemical trap
like those for residual manganese deposits described by Force (1991) for
similar-type deposits in some lower Paleozoic rocks of Virginia. Lane (1992)
describes the CNF sites as containing nodules of too little material to be
viable as a resource.

Grade and tonnage models for these manganese deposit types are not
available. The permissive tracts for these manganese deposit types are
outcrops of Coconino Sandstone which hosts the known deposits.
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Replacement iron deposits

Iron has been mined from a deposit in the Redwall Limestone for use
as mineral pigment (Klemic, 1969). The Seligman iron district (MRDS
Record No. M003329, not shown on fig. 2), 19 miles south of Seligman,
Ariz., was classified by Welty and others (1989) as stratiform. Harrer (1964)
described the deposit as a replacement along the contact between the
limestone and an andesite porphyry sill. The deposits was worked for
hematite (with grades between 55 and 68 percent Fe). This is the only
known deposit of this type hosted by the Redwall Limestone in Arizona.
Other replacement iron deposits in the western United States are usually
found in "volcanic rocks, brecciated igneous rocks, and limestone" (Klemic
and others, 1973; p 301). Most iron replacement deposits consist of siderite
which can be weathered to hematite (Laznicka, 1985).

A grade and tonnage model for replacement iron deposits is not
available. Laznicka (1985) suggests, world-wide, that past production plus
known reserves from iron replacement deposits in carbonates are on the
order of 130 million t. A model could be attempted, given data on a
sufficient number of deposits, but the discussion in Laznicka (1985) also
suggests that classification of these iron deposit types will be a problem.

Permissive tracts are the outcrop of the Redwall Limestone. The
presence of an intrusive like that at Seligman would be necessary but may
not be seen in outcrop. If other limestone-bearing formations are also
permissive, outcrops of Kaibab Formation are also possibly permissive for
replacement iron deposits as well. The likelihood of intrusives (including
sills) is high in most parts of CNF with the possible exception of the Beaver
Creek RD.

Remnants of solution-collapse breccia pipe uranium deposits

The assessment of solution-collapse breccia pipe uranium deposits is
found in Bliss and Pierson (1994). However, when these deposits become
exposed at the surface, they are depleted in uranium and enriched in
copper by supergene processes (Finch and others, 1992). In effect, solution-
collapse breccia pipe uranium deposits become copper deposits if
weathering is extensive; otherwise a copper-enriched zone is present on a
solution-collapse breccia pipe uranium deposit. Supergene mineralization,
either partial or relatively complete, will be called remnant deposits in this
discussion. In effect, the model by Finch and others (1992) is not applicable.

Currently recognized remnant deposits like Grandview and Copper
Mountain are all from the Colorado Plateau and are, on average, two
orders of magnitude smaller (~ 1,000 t) than solution-collapse breccia pipe
uranium deposits, which have a median size of 230,000 t (Finch and others,
1992, fig. 21). The largest remnant deposit is 11,000 t. Remnant deposits
historically have been worked primarily for copper; grades are usually
between 3.2 and 33 percent; the median grade is 10 percent copper. Other
base metals produced as by-products include lead in about half the deposits
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and zinc in about a third. Lead grades are less than 0.6 percent and zinc
grades are less than 0.8 percent. Silver is produced in nearly all the
deposits with grades between 9 and 270 g/t; the median grade is 50 g/t. Gold
is produced in about a third; the grades are quite low--usually less than 250
ppb. Remnant deposits are not reported as producing uranium.

All exposures of the Coconino Sandstone are permissive for these
deposits. Forested areas or those covered by thin volcanic sequences are
likely areas containing undiscovered deposits of this type.

Sediment-hosted Cu deposits, redbed type

In a mineral-resource assessment for undiscovered resources of
gold, silver, copper, lead, and zinc in the conterminous United States
(Ludington and Cox, 1996), small portions of two tracts found in the CNF
are permissible for sediment-hosted Cu deposits, red-bed type. Tract CP01
was delineated using the presence of permeable sandstones in "the lower
part of the Upper Triassic Chinle Formation (including the Shinarump and
Agua Zarca Sandstone Member)" (Lindsey, 1996a, p. 72). The White
Canyon deposit, Utah (530,000 t at 0.75 percent Cu) is an example of the
sediment-hosted Cu deposits, red-bed type on the Colorado Plateau. The
world red-bed model (Mosier and others, 1986) can be used to characterize
the size and grade distributions of undiscovered deposits (Lindsey, 1996a).
The total tract area is 36,300 km2 including outcrops in Arizona, Colorado,
New Mexico and Utah. The estimated number of undiscovered deposits for
the full tract are at the following percentiles: 90th--0, 50th--0, 10th--1, 5th--2,
and 1st--4.

Tract CP02 of the conterminous United States assessment was
delineated using the presence of permeable sandstones in "Hermosa Group
and Cutler Formation in Utah, and the Naco Formation in Arizona"
(Lindsey, 1996b, p. 73). Examples of known sediment-hosted red-bed type
Cu deposits in this tract are all smaller than the median red-bed tonnage of
the world red-bed model (Mosier and others, 1986). Therefore, undiscovered
deposits consistent with the size and grade distributions of the model are

much more unlikely (Lindsey, 1996b). The total tract area is 17,800 km?2
including outcrops in Arizona, New Mexico and Utah and estimates of
undiscovered deposits were made at the following percentiles: 90th--0, 50th--
0, 10th--0, 5th--1, and 1st--3.

The low probabilities associated with the estimated numbers of
undiscovered deposits of sediment-hosted Cu deposits, red-bed type, in the
two tracts in the Colorado Plateau (Lindsey, 1996a, b) suggests the chance of
undiscovered deposits of this deposit type are remote for the full tracts and
will be even less for portions thereof within the CNF. The chance of an
undiscovered deposit is slightly higher in areas of tract CP01 than for tract
CP02 which may be a consideration in property exchange.
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Other metallic deposit types

Tracts for porphyry copper deposits are also found in the resource
assessment for undiscovered resources of gold, silver, copper, lead, and
zinc in the conterminous United States (Ludington and Cox, 1996). One of
the tracts in Arizona-- SB10--is mostly southwest of the CNF (Cox, 1994,
1996). Parts of the tract are defined by using a 10 km buffer zone around
Laramide intrusives. Several intrusives suspected to be Laramide in age
are found in the southern Black Hills (Luedke and Smith, 1978) about 15 km
south of Camp Verde (fig. 1). Luedke and Smith (1978) described the
intrusive rocks as being of uncertain assemblage and characteristics. The
buffer zone around these intrusives includes rocks in the basement of the
southeast end of the Verde Basin and in the CNF southeast of Camp Verde.
The area covered with Verde Formation and younger sediments is
permissible for an undiscovered porphyry copper deposit.

A number of other deposits types are associated with felsic intrusions
into carbonates as well as into other rock types (Cox and others, 1986, table
1) which may be part of the unexposed or poorly exposed assemblage of
rocks associated with volcanic centers in the CNF. This includes the base-
and precious-metal skarns, veins, and replacement deposits of various
types. Evidence of mineralization with a felsic intrusive are seen in
workings, including a shaft at least 15 feet (4.6 m) deep and pits at Slate
Mountain (Lockrem, 1983) located in the northwest corner of the Peaks RD
(located approximately as "SL" on fig. 2). The workings are located in a
contact metamorphic zone where rhyolite intrudes into the Martin
Formation perhaps showing evidence for skarn-type mineralization. The
zone is characterized by bleaching, brecciation, and magnetite and
hematite mineralization occurring in concordant and discordant veins
(Lockrem, 1983). Trace amounts of copper (300-3000 ppm), lead (1000-3000
ppm), and zinc (60-1200 ppm) were detected in four particularly well-
mineralized samples (Lockrem, 1983). The description is too incomplete to
classify the prospect by deposit type but the presence of the site is
encouraging evidence that undiscovered deposits of types associated with
felsic intrusions into carbonates may exist in the CNF.
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