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ABSTRACT

This study assesses the mineralogic characteristics and spatial distribution of su-
pergene copper enrichment, and describes the relationship of these characteristics to
heap leach recovery of low—grade copper ores at an unspecified copper porphyry sys-
tem located in the southwestern U.S, designated Mine X in this paper. This supergene
mineralogic study establishes the thickness, extent, and depth of the leached, oxide,
and enrichment zones, and their relationship to the primary copper zone. Due to super-
gene alteration, copper porphyry deposits having low grade primary mineralization can
become enriched to greater (economical) grades; thus, supergene enrichment charac-
teristics warrant further research in order to better understand this ore depositand the
distribution of chalcocite —covellite mineralization within various portions of Mine X,

Preparation and analysis of 577 samples has been completed. Methads of study
entail heavy liquid separation of sulfide and oxide phases, preparation of polished sec-
tions, and analysis by standard petrographic and SEM techniques. Pulp samples, col-
lected at ore control drill holes at varying depths, are separated into lightsilicate miner-
als and heavy sulfide and oxide minerals by centrifuge in a heavy metatungstate liquid.
The sulfides collected for each sample comprise grain mounts of €poxy casts, and are
polished for high luster of metal sulfides. Each sample is analyzed by volume grain
count methods to determine the supergene —to—hypogene copper sulfide ratio defined
by the quotient cc+cv+bn/cp, with observations noted as to the character of supergene
mineralization and accompanying sulfides and oxides. The resulting ratio data is quan-
tified to define numerically leached/oxide capping, supergene enrichment blanket, and
protore mineralization. The ”blanket” boundaries are established by the top of domi-
nant sulfide (TDS) and protore (bottom of enrichment blanket) surfaces. Plotting of
resulting data on to a fence diagram provides contours and cross—sections of the thick-
ness, extent, and depth of the various mineralogic zones. Thickness and elevation of

the supergene “blanket” are controlled by phyllic, argillic, and potassic alteration and
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a northwest—trending fault system confined to the Mine X mineral district. Local ef-

fects in the blanket” morphology are related to northeast—trending fault systems of
Laramide age and certain lithologic units (carbonaceous and intrusives).

The Mine X Operations apply these ratios by determining whether to send ores
to the mill, to their fast” or ”conventional” leach pad, or to the waste dump. This
application of sulfide ratios provides mine operators with an efficient means of classify-

ing mined materials using supergene mineral distribution and relative abundances.

v
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INTRODUCTION

Purpose of Research

Due to supergene alteration, porphyry copper systems with low grade primary
mineralization ("protore;” usually less than 0.3—wt % Cu) can become enriched to
greater, economically important grades. Figure 1 illustrates a “typical” economic
porphyry copper deposit. Because understanding supergene enrichment
characteristics is important in exploration applications and in economic assessment of
a porphyry copper prospect, research to better understand weathered and enriched
porphyry ore deposits is needed. This study assesses the mineralization characteristics
and spatial distribution of supergene copper enrichment for a large (>3500 MT),
low—grade (protore grade=0.15% Cu) porphyry system. Supergene —related mineral
zones are defined in terms of supergenc—to—hypogene ratios and
chalcocite~to—covellite ratios, and by drill hole core log data where ratio data is not
available, Ratios are discussed in more detail in a following section.
Supergene—related mineral zones refer to the oxide/leached capping, enrichment
blanket, incipient enrichment, and protore mineralization. Because this ratio is a
function of supergene enrichment parameters (ratio=function of Cu, Fe, and $
concentrations, fugacity of Oy, and the activity of wallrock), it is independent of total
copper grade. Assuch, thisratio is also useful in quantification of enrichment Intensity
which measures the extent of copper sulfide replacement of pyrite. Furthermore, the
acquired data relates geologic parameters as influences on supergene oxidation,
leaching, and enrichment and aids in heap leach recovery of copper from low grade
copper ores. Thus, application of study results has substantial importance in the
assessment of those volumes of a porphyry copper system containing significant
chalcocite enrichment and associated favorable recovery characteristics. In practice,
mine operations of the porphyry copper system under study use the

supergene—to—hypogene ratios to determine whether to send the ore to the mill,
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FIGURE 1. A schematiccross—section of typical secondary (supergene) enrichment
of a porphyry copper system. Metal content based on values in porphyry copper
deposits of Chile (modified after Sutulov, 1974).

“fast” (chalcocite—dominant, pyrite—impoverished ore) or “conventional”
(chalcopyrite —dominant, pyritic ore) leach pads, or to the waste dump.

Supergene Enrichment Processes Applicable to Porphyry Copper Systems

Important in the develobment of economic porphyry copper deposits,
supergene alteration can produce secondarily enriched copper mineralization. This
enrichment develops at relatively shallow, often “minable” depths, with the necessary
grade and tonnage of accessible copper ore (Titley, 1982). Generally, acidic, oxidizing
waters above a water table take into solution soluble metals and ions which are
precipitated when reducing conditions are met at and below the water table (phreatic
zone). Supergene enrichment processes occur in porphyry copper systems that are
characterized by:

1. porosity and permeability that allows the movement of meteoric waters

b3
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FIGURE 2. Generalized cross—section of the interaction of hypogene and supergene
alteration at a porphyry copper deposit. Illustrated are an oxidized/leached capping,
enrichment blanket, and hypogene (protore) zone and their relationship with the
hypogene alteration zones. Also included are sulfide contents and distributions, and
fracture densities (from Guilbert and Park, 1986)

through the system,’

2. abundant pyrite to produce oxidizing acids,

3. acid-soluble ore metal bearing minerals, and

4. a precipitative (redox) environment at depth.
Also, to develop an appreciable concentration of copper, the rates of oxidation and
erosion as well as a modulated groundwater system must be in balance (Guilbert and
Park, 1986). This type of weathering of porphyry copper deposits results in an
oxidized/leached capping zone, and supergene enrichment blanket.

A protore

(primary mineralization) zone underlies the enrichment blanket in which sulfides have



not been altered due to weakened supergene fluids. Supergene fluids weaken by

neutralization with wallrock and by loss of cupric ions through precipitation of copper
phases as solutions move through preceding rock volumes. An incipient enrichment
of covellite forms a boundary between the “blanket” and protore. The primary,
subeconomic zone represents “fresh” mineralization that once could be found in the
now altered zones of leached capping and blanket.

Supergene fluid strength is controlled by Eh and pH conditions. As seen in
Figure 3, pH and Eh conditions form stability fields for copper sulfide and oxide
minerals. The oxidation potential (Eh) lessens with depth when reducing (redox)
conditions, such as a water table, are encountered. The net acidity (pH) of capillary
waters, which remove soluble copper and sulfur from the oxidized zone to reducing
environments, is controlled by four factors. These controlling factors are: (1) the total
sulfide content of the rock, (2) the copper sulfide:iron sulfide ratio, (3) copper sulfide
mineralogy, and (4) the reactivity of the host rocks (Anderson, 1982). The Eh—pH
diagram in Figure 3 effectively represents a cross—section of a weathered porphyry
copper system in terms of copper mineralogy under varying conditions. The
geochemical conditions represented illustrate that at depths below chalcocite stability,
covellite forms a stability field — a stable supergene phase — between overlying
supergene chalcocite and subjacent primary mineralization (cp+py). Outside of
lateral movement of copper solutions due to structure, weak supergene influence can
result from either a combination or just one of the four factors. Thiscauses neutralizing
pH conditions in which incipient enrichment of covellite is not stable. For example,
oxidizing conditions in the low pH (acidic) field would result from high pyrite content,
but if copper sulfides are low or very reactive wallrocks are encountered, the pH value
would shift to a more neutral solution, in which the covellite stability field is unstable.
Another example is of moderate to high pH values resulting from low pyrite content

and/or reactive wallrock in the oxidizing zone, in which copper mineralization is stable
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FIGURE 3. Eh—pH diagram showing the stability fields of copper minerals in the
system Cu—S—H>0 (Anderson, 1982).

as oxides, native copper, and silicates. Very little soluble copper infiltrates to the redox
surface to form chalcocite after which copper does not precipitate at greater depths
outside of the chalcocite stability field.

Along with climatic factors, hypogene alteration and mineralization influences
supergene processes through hypogene alteration mineralogy, host rock composition,
fracture abundance, and primary copper and pyrite content. Figure 2 illustrates the
results of hypogene and supergene processes in a sulfide mineralogy content, fracture

density, and alteration patterns of an example porphyry copper system. These features



influence the path and pature of secondary enrichment (Titley, 1982). Due to a

quartz-sericite alteration assemblage, high pyrite content, and high density fracture
system, the phyllic zone has the most extensive development of supergene oxidation,
leaching, and enrichment of most porphyry copper systems. This zone is most
susceptible to weathering, in which deep oxidation produces enriched copper sulfide
ore "blankets.” This is even more intense in areas of overlap with argillic alteration.
Rarely does enrichment of any importance occur in zones of potassic alteration with
high hypogene grades or in propylitically altered rocks (Titley, 1982).

The oxidation of sulfide deposits is controlled by climate because temperature
influences the rate of chemical reactions and precipitation amounts influence the rate
of leaching. Climate also controls the level of the water table which, in turn, controls
the depth of oxidation. Therefore, semiarid to arid regions promote deep oxidation,
leaching, and enrichment. In these climates, low water tables allow periodic recharge
water to remove capillary solutions from the oxide zone (Anderson, 1982).
Futhermore, post—mineralization events such as geomorphic changes, faulting and
volcanic activity, can combine with climate to control or modify weathering and
enrichment processes (Titley, 1982). The following discussion describes in more detail
supergene alteration processes and resulting mineralogic zones,

Qxidation _of a Porphyry Copper Deposit Supergene enrichment processes begin with

the development of an oxidized —leached zone by the weathering of a porphyry copper
system exposed at or near the surface. The oxidation of sulfides results in ”limonite”
formation as  hematite  (Fey03), goethite (Fe(OH)3), and jarosite
[K(Fe+3,A])3(SO4)2(OH)6]. Weathering entails oxidation of sulfides above the water
table (zone of aeration). Oxygen decreases rapidly at the groundwater table where
pore space becomes saturated with water. Interconnected open fracture systems of
various patterns permit free circulation of air and percolation of meteoric waters

downward to the water table, minute fracture systems also exist between these



open—spaced fractures. Within these rock fracture systems, hypogene sulfide

deposition is greatest and subject to attack by the air—water oxidation processes.
Oxidation is continous even during dry seasons due to thin films of water adhering to
surfaces of unoxidized sulfides (Blanchard, 1968). In deposits with a high total sulfide
content, soluble products of sulfide oxidation are washed away during periodic flushing
by meteoric recharge water, leaving fresh surfaces exposed for futher weathering. In
cases of deposits containing low total sulfide content, hydroxides, oxides, carbonates,
sulfates, or silicates precipitate at the site of oxidation (Anderson, 1982). This is
because sulfuric acid generated by oxidation decreases with a lowering of total sulfide
content. Also, the amount of sulfuric acid decreases with an increase in the copper
content of copper minerals.

Oxidation of sulfides begins with the interaction of air and water which
generates sulfuricacid and ferric sulfate solutions from mostly pyrite (py). Sulfuricacid
(H2804) and ferric sulfate (Fez(SQ4)3) solutions form as expressed in the equation

4FeS; (py)+ 140; + 4H;0 = 4FeSO4 + 4H,S0,
A large variable portion of the ferrous iron then oxidizes to ferric state as seen in the
equation

4FeSO4 + 2H3804 + O = 2Fes(SO4)3 + 2H,0.
When acidic solutions become very dilute, goethite (gt) and/or hematite (hm)
precipitate through hydrolysis, as indicated by the equations

Fea(S04)3 + 3HyO = FeyO3 (hm) + 3H)SO4
and

Fey(S04)35 + 4H0 = Fey053HyO(gt) + 3H,80,
These equations also show that ferric ion can redissolve to varying degrees, if solutions
become more concentrated again. Thus complete leaching of pyrite can occur by
oxidation in an inert environment or iron will remain as indigenous limonite through

oxidation and hydrolysis in dilute solutions. In both cases free acid is generated.



Besides hydrolysis, reactive gangue minerals also cause partial or complete

neutralization of acidic solutions, as briefly discussed later in the section (Blanchard.
1968).

The amount of excess acid created by oxidation of pyrite is relatively larger
compared to thatyielded by chalcopyrite. Chalcopyrite contains less sulfur than pyrite,
and consequently generates less free acid. The direct oxidation of chalcopyrite puts all
of its copper and most of its iron into solution, with the remaining iron precipitating as
indigenous limonite. This process generates no free acid as seen in the equation

12CuFeS; (cp) + 5107 = 12CuSO4 + 4Fey(SO4)3 + 2Fe;0; (hm).
If chalcopyrite undergoes oxidation and hydrolysis in dilute solutions, free acid is
generated in which all the iron remains as indigenous limonite, seen in the cquation
2CuFeS; (cp) + 8.50; + 2H,;0 —> Fep03 (hm) +2CuS0O, + 2H>804.
The oxidation of equal amounts of pyrite and chalcopyrite together causes complete
leaching of both sulfides; expressed as

CuFeS; (cp) + 8Fex(SOs)3 + 8H0 —> CuSO4 + 17FeSO4 + 8H)S04
(Blanchard, 1968).

Sulfides such as chalcocite and bornite are deficient in sulfur and will not
dissolve completely from oxidation without an external source of acid as seen in the
following equations

2CuyS (cc) + 50, = 2CuSO4 + 2Cu0 (cv)

CuO (cv) + HpSO4 = CuSO4 + H,0

4CusFeS (bn) + 370; = 16CuSO; + 4CuO (ev) + 2Fe;03 (hm)
and

CuO (cv) + HSO4 = CuSO4 + Hy0.
Under conditions of oxidation and hydrolysis two moles of chalcocite and one mole
pyrite together leaches all copper but leaves all of the iron as indigenous limonite.

Under the same conditions, one mole of bornite and two moles of pyrite can cause the



complete leaching of all copper and pyrite —derived iron. Bornite —derived ferric oxide

would precipitate as indigenous limonite. With a 1:2 chalcocite to pyrite or 1:5 bornite
to pyrite oxidizing together, complete leaching of both sulfides occurs (Blanchard,
1968).

Under high pH and Eh conditions, as seen in Figure 3, oxidation of chalcocite
can produce native copper and cuprite (cu), written as
2Cu;S (cc) + 8Fex(S04)3 + 6Hz0 + 1.505 = 2Cu® + CuyO (cu) + 8FeSOy4 + 6H,S50,.
Further oxidation would cause the reaction

2Cu® + Cuz0 (cu) + Oz ~> 3CuO (tenorite).
Tenorite may also form as in the equation
Cu*? + H,0O —> CuO (tenorite) + 2H*.

In contact with limestone, cupriferous solutions react to form hydrous
carbonates of copper as an enriched oxidized zone, seen in the reactions
2Cu0 + COz + HoO [2Cut2 + CO3 72 + 2(0H)™] —> Cuz(OH),CO3 (malachite)
and
3Cu0 +2CO2 + HpO [3Cu™2 +2C0;5 72 + 2(0OH)~] - > Cu3(OH)»(CO3); (azurite)

In the zone of oxidation, sulfides within 3 or 4 feet directly above the water table
substain the most persistent and widespread attack by weathering. This is due to an
adequate constant supply of moisture through capillary attraction from the water table.
Also, the rock layer is porous enough for adequate movement of air by circulation or
diffusion. This horizon above the water table contains the largest volume of unleached
sulfide due to shorter exposures to weathering than the ground above. As this rock
layer becomes more porous due to weathering, the water table drops correspondingly,
and the oxidation zone deepens (Blanchard, 1968). However, many believe regional
uplift is the main factor responsible for the lowering of the water table (Titley, 1982).

A flatwater table can develop if the country rock is homogencous with a uniform

fracture patternand if erosion has almost kept pace with the lowering of the water table.



However, if crosion occurs more rapidly than oxidation, much sulfide will remain

unoxidized within the oxidation zone. An irregular pattern of oxidation will occur
where rocks of different composition and/or non—uniform structural features prevail
(Blanchard, 1968).

Precipitation of the Enrichment Blanket The enrichment blanket forms at and below

the groundwater table. The water table acts as a zone of saturation and reduction zone
for the descending cupric sulfate solutions. Because the specific gravity of these
solutions is greater than that of groundwater, supergene fluids move downward as well
as laterally through the zone of saturation. Sulfides here can be leached and/or
oxidized. In areas such as the phyllic zone with its general veritical continuity of
fracturing and weak neutralizing ability, solution can descend more than 300 to 400 feet
below the water table.

Secondary enrichment of copper occurs as cupric sulfate solutions oxidize
sulfide minerals by the following decreasing order of intensity: covellite, bornite,
chalcopyrite, sphalerite, pyrrohotite, and galena. Supergene chalcocite replaces these
sulfides in an interval from less than two feet to 200 feet or more below the reduction
zone (Blanchard, 1968). Because pyrite is the most resistent to cupric sulfate solution,
it is attacked last. Enrichment intensity can be measured by how much pyrite is
replaced by supergene copper sulfides (Titley, 1982, and William X. Chavez, Jr., 1991,
internal report). Examples of copper enrichment are seen in the following reactions

ZnS (sphalerite) + CuSO4 = CuS (cv) + ZnSOy
CuFeS; (cp)+ CuSO4 = 2CuS (cv) + FeSOy
and
2CusFeS;3 (bn) + CuSOy4 = 2Cu;S (cc) + 2CuS (cv) + FeSOy,
Further attack of cupric sulfate upon covellite produces chalcocite as in the reactions
CuS (ev)+ 7CuSOy4 + 4H,0 = 4Cu;S04 + 4H,S0,

and

10



4CuS (cv) + 4CuyS0y4 = 2Cu;S (cc) + 4CuSOy.

When attacked by supergene acidic solutions, pyrite will react as follows

4FeS; (py) + 7CuSO4 + 4H,0 = 7CuS (¢v) + 4FeSO4 + 4H,S0,
and

SFeS; (py) + 14CuSOy4 + 12Hp0 = 7Cu;S (cc) + SFeSO4 + 12H5S04.
Oxidation and precipitation can occur below and above the water table since no
atmospheric oxygen is needed (Blanchard, 1968). These reactions are continous until
the solution becomes weakened with the loss of cupric ions with depth. The weakened
fluids form an incipient enrichment zone of covellite (CuS) with the last of its copper.
Fresh, unattacked sulfides below form the protore zone.

With continous drops in the water table, leaching and oxidation of the
enrichment blanket can increase the concentration of copper with each successive
cycle. This 1s due to a more complete replacement of primary sulfides and
concentration of a series of successive enrichment blanket sulfides (Anderson, 1982).

Supergene Alteration of Wallrock Gangue Wallrocks can also act as neutralizing gangues

on supergene fluids. Inert gangue such as quartz, barite, or very kaolinized (argillic
alteration) or sericitized rock (phyllic alteration) have scant neutralizing ability. Shales
and feldspar—rich rocks such as granite and monzonite, have moderate neutralizing
power. Carbonate rocks act as strong neutralizers in an acid environment (Blanchard,
1968). Equilibrium between wallrock and acidic fluids causes the alteration of
feldspars, chlorite, biotite, and anhydrite to supergene kaolinite, gypsum, and alunite.
Supergene processes remove alkalis and alkalii earths by the weathering reactions of
hydrolysis, hydration, and oxidation. Assupergene fluids slowly percolate down to the
water table, they react with carbonates or feldspars and other silicate minerals to
become neutral or slightly alkaline. This usually occurs through hydrolysis reactions
which consume H* ions, increasing pH of the fluid phase.

These reactions generally occur as

11



3KAISi30;3 (feldspar) +HySO4 = KAl3Si3010(OH); (mica) + 6Si0; + 2K+ +80, 2

or with the addition of water

2KAIS1305 (feldspar) + HoSO4 + H,0 = AlS1,05(OH)4 (kaolinite) + 4510, + 2K+
+80,4 2

and

2KAl3S13015(0OH); (mica) + H;SO4 + 3H,0 = 3ALSIHO5(OH)4 (kaolinite) + 2K+
+S0y 2.

In slightly more acidic fluids, montmorillonite (mn) will form as in the reaction

3KAISi303 (feldspar) +1.5H;SO, = L5ALSILO1p(OH); (mn) + 3Si0; + 3K+
+1.5804 72,

Groundwaters remove the K* (or Nat from albite). The silica produced may
crystallize as quartz or chalcedony, or combine with alumina or copper as seen in the
reactions

Cu*? + SiO; + H,0 —> CuSiO3H,O + 2H*
and

Al O3 + SiOz + HyO —> AlSi,O5(0OH), .

Free oxygen is not required in silicate alteration reactions. Thus, supergene

alteration can extend for considerable depths into the protore, below the oxide and
chalcocite enrichment zones. This extension of supergene alteration below the base
of copper enrichment forms a zone called the “quasi—protore” zone (Brimhall et al,
1985).

Due to decreasing strength with descent, acid—sulfate solutions moving
through potassium silicate altered rocks create alteration zones. Zoning upwards,
chlorite occurs, followed by a mixture of sericite and kaolinite with other minor clays.
Within and above the enrichment blanket, a kaolinite zone is developed (Titley, 1982).
Primary chlorite and biotite mark the extent of supergene acid attack. These minerals

are stable under neutral to alkaline conditions at low temperatures and pressures. This
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stability field eventually occurs with the downward movement of acidic fluids and its

reactive mineral acid consumption which increases the pH value (Anderson. 1982).
Location

On the conditions that the location of the copper porphyry system analyzed in
this study remain undisclosed along with the name of the mining company and
operations, permission and information needed for this research has been graciously
given by company management. The regional and local geology of the "Mine X” area
will be discussed due to the widespread occurrence of the same stratigraphy throughout
the southwestern United States.
Scope of Study

This part of an on—going study to classify ore material for heap leach recovery
at Mine X, began with preparation of polished sections from 577 samples, followed by
volume grain count methods of copper sulfide phases. Mineralogic study determined
the supergene~to—hypogene copper sulfide ratio from samples collected at varying
depths, over intervals averaging 5 to 10 feet, from 138 ore control drill holes
representing an area of approximately 3 square miles of the Mine X orebody. See Plate
1 for distribution of drill holes from which mineral ratios were determined. Note that
determination of the supergene or hypogene origin of a mineral is based on detailed
petrographic assessment of ore mineral paragenesis and areal distribution. Supergene
mineralization includes chalcocite, digenite, covellite, idaite (CuzFeSy), and scant
bornite; hypogene mineralization is represented by chalcopyrite, minor bornite, and
traces of digenite—chalcocite, as well as pyrite and molybdenite. Resulting data and
ore control drill hole core logs were used to establish the thickness and extent of the
leached, oxide, and enrichment zones. The relationship of mineral zones to the
primary zone (”protore”) is shown in Cross—Section A—A’ and Cross—Section B—B’
with cross—section lines plotted on Plate 1. Contoured sulfide ratios were plotted, with

depth intercepts shown for “top of dominant sulfide” (TDS), defined as the top of
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supergene enrichment, and top of protore (or “bottom of blanket”) surface (sec Plates

2 and 3). The difference in elevation between TDS and top of protore gives thickness
of the supergene “blanket” (see Plate 4). Contour maps were compared to the Mine
X geology map showing wallrock lithology and alteration, with interpretations of this
comparison given in the discussion section of this paper.
Ratios

Supergene—to—hypogene and chalcocite —to—covellite ratios quantitatively
define the relative enrichment of copper of a sample with respect to the most intensly
cnriched rock volumes of the weathered porphyry copper system at Mine X.
Supergene—to—hypogene ratios for the Mine X deposit is defined by

chalcocite +covellite +bornite/chalcopyrite (cctev+bn/ep), also referred to as a

chalcocite ratio. Chalcocite —to—covellite (cc/ev) ratios establish an incipient
enrichment zone to define the top of protore surface. Chalcocite ratios are useful to
quantify the enrichment blanket and related mineralogic zones, and to determine
metallurgic treatment of low grade copper ores.

Important in exploration application and in economic assessment of a porphyry
copper prospect, ratios define the relative abundances of hypogene and supergene
copper sulfide phases within original host rock lithologies, alteration assemblages, and
oxide and sulfide phases. This determines the distribution of copper sulfides within the
various rock types, alteration minerals, and ore—related mineral phases. Viable
economic grades need to be supported by mineralogic studies to determine copper
recovery potential. Low ratios can indicate poorly developed supergene enrichment,
especially important in areas of expected strong and thickest enrichment (William X.
Chavez, Jr., 1991, internal report).

General Geology

Pre—porphyry system wallrocks, intrusive rocks, and structural features of the

Mine X area are exposed within and adjacent to the mine. Covered areas comprise



those with Tertiary volcanic rocks, Quaternary alluvium and colluvium in valleys, flat

uplands, and slopes, and in basins between ranges. Sources for the general geology
descriptions, including structure, are derived from anonymous sources. Figure 4
contains a stratigraphic column with regional geology of the Mine X district. See
Geologic Map of Mine X in folder for detailed local geology.

Lithology  Pre—stock wallrocks consist of Precambrian granite, gneiss, schist, and
greenstone which lic under Late Cambrian Bliss Formation of glauconitic and
hematitic sandstone, and sandy limestone, the oldest sedimentary rocks in the mine
area. The El Paso Limestone Formation, of Lower Ordovician age dolomite and sandy
limestone, is followed in sequence by the Montoya Dolomite Formation. The Montoya
Dolomite includes cherty dolomitic limestone and is Middle to Upper Ordovician in
age. The Cambrian and Ordovician rock units have only a few “questionable”
exposures within the mining district. The Mine X pit geology has no exposures, or drill
hole encounters of, PreCambrian through Silurian age rocks.

In an unconformable contact, Silurian Fusselman Formation, consisting of
cherty dolomite underlies the Percha Shale Formation described as Late Devonian
black shales and gray shale containing limestone nodules. Carboniferous units follow
in sequence in which Pennsylvanian Oswaldo and Syrena Formations comprise an
important part of the local stratigraphic section because they contain copper—zing
skarn mineralization. The Lake Valley Limestone Formation, comprised of Lower
Mississippian age white crinoidal limestone, gray limestone and shaly limestone, is
unconformably overlain by the Lower Pennsylvanian Oswaldo Formation of massive,
cherty limestone, with thin shale partings and interbeds. The Upper Pennsylvanian
Syrena Formation consists of calcareous shales and interbedded impure (shaly)
limestone.

The Permian Abo Formation of red shale, limestone, and limestone
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conglomerate is unconformably overlain by Upper Cretaceous Beartooth Quartzite

Formation (with minor sandstone, limy sandstone, and shaly sandstone) and Colorado
Formation of black shale and sandstone interbedded with shale. The key in Appendix
A provides a more detailed description of Mississippian to Recent rocks within the
mine area.

Intrusive rocks of the area range from Late Cretaceous to Miocene in age. The
igneous events culminating in mineralization began with Late Cretaceous — Early
Tertiary intrusions consisting of andesite and diorite porphyry dikes, a gabbro plug, and
a quartz diorite porphyry. Younger intrusions comprise Early Tertiary granodiorite
porphyry dikes and granodiorite porphyry stocks. These intrusions can be
distinguished as relatively “fresh” (showing only incipient alteration) or
hydrothermally altered rock, with wallrock alteration consisting of phyllic
(quartz—sericite), and  potassic (clay—biotite, feldspar porphyry, or
quartz—orthoclase) alteration. These granodiorites grade into rock of quartz
monzonite composition, and are considered to comprise part of the main mineralized
stock. Early Tertiary dikes of quartz monzonite porphyry are cut by Miocene age
intrusions which include basalt dikes, and locally porphyritic, flow banded rhyolite
plugs and dikes.

Miocene volcanic rocks, comprising rhyolitic tuffs and basaltic andesite flows,
are the dominant extrusive rock type in the mine area.

Structure The Mine X porphyry copper deposit and adjacent iron and zinc ores lie in
an uplifted mountain range between two northwesterly trending faults. Regionally,
sediments have a gentle southwest dip toward the axis of a broad syncline (anonomous
source). This pattern is disturbed in the Mine X district by the larger intrusive bodies
and faults. Bedding dips away from the main mine intrusion; and abundant faults exist
in the area, most of which trend in two distinct northeast directions.

Northwest—~to—north trending faults, fissures, and fractures are also present, and
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apparently guided the emplacement of Tertiary quartz monzonite and granodiorite

dikes mentioned above. The volumetrically most extensive intrusions, including
granodiorite porphyry, are elongated in a north—northwest direction. Regional
intersection of northeast and north—northwest trending zones of structural weakness
appears to have localized the granodiorite stock and subsequent copper
mineralization. Northeast—trending structures appear to characterize the basement
rocks, while northwest~-north fractures appear to be restricted to the Mine X district
(anonomous source).

Several breccia zones exist near and within the mine area, and are found at the
north end of the granodiorite porphyry stock, and west and northwest of the orebody.

QOrebody Description and Morphology

Mine X disseminated and fracture— controlled mineralization is hosted by the
granodiorite porphyry stock. This Laramide intrusion intrudes gently—dipping
Paleozoic and Mesozoic sedimentary rocks. Pyrometasomatic ore—grade copper
mineralization occurs in two deposit types in the Mine X area: (1) as replacement
orebodies of magnetite —chalcopyrite —pyrite, with abundant quartz and calc~silicate
minerals within a skarn developed in the Oswaldo and Syrena Formations adjacent to
the granodiorite porphyry stock; and (2) as stockwork and disseminated sulfides within
igneous rocks, sandstone, and shale. These garnet~diopside skarn, with interstitial
magnetite and pyrite, to massive garnet—epidote—magnetite skarn ores are of
hydrothermal origin and have little or no supergene enrichment. Drill holes collared
in skarn ores are contoured around for supergene enrichment blanket thickness. Ratio
data from skarn mineralization gives eratic changing values with depth and abundant
magnetite and pyrite is observed. Weathering—induced chalcocite mineralization is
the economically most important ore phase in Mine X. The following discussion
concerns stockwork and disseminated, intrusion—hosted copper and copper—iron

mineralization at Mine X.

18



Hypogene mineralization consists of pyrite, the dominant primary mineral, and

chalcopyrite, with minor amounts of bornite, molybdenite, marcasite, and pyrrhotite.
Chalcopyrite in the granodiorite porphyry occurs as disseminations and in small
veinlets, generally accompanied by pyrite. Primary mineralization in noncalcareous
shale and sandstone and in quartz diorite sills occurs in veins. Rarely and in very minor
amounts, hypogene chalcocite occurs as microspic blebs within chalcopyrite and pyrite.

Supergene mineralization is dominated by volumetrically abundant chalcocite,
with minor amounts of covellite. Oxide zone minerals, exposed in carly mining
operations, consisted of important native copper, chrysocolla, cuprite, malachite, and
azurite. Although these phases were important ore minerals and are still found locally,
they comprise only minor ore—grade mineralization in present mining. Chalcocite
occurs in “sooty” and “steely” forms as veins, discrete grains, coatings on pyrite, and,
in deeper material, as coatings and replacements along fractures in chalcopyrite and
pyrite. Paragenetic relationships between primary sulfides and supergene —derived
phases are discussed in the ratio data section

The orebody, with variable thickness of supergene—derived ("secondary”)
enriched ore, consists of three north—west trending zones of tens to 200 meters thick
relatively high—grade ore (< 0.97% Cu) formed mostly in the phyllic alteration zones
within and around the granodiorite porphyry stock and its potassicalteration (Gilmour,
1982).  Noteably, the porphyry and its alteration zones also trend northwest.
Appreciable amounts of chalcocite are present locally at greater depths, occurring at
least 800 feet or lower below the original surface of the pit. The most northeasterly
orebody occurs in sediments, quartz diorite, and the granodiorite stock, generally as
supergene chalcocite; locally important skarn mineralization occurs near the north end
of this supergene zone. See overlay of Geologic Map of Mine X with Plate 4 for
morphology of the supergene blanket.

The areally most extensive mineralization occurs in the center of the study area,
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in granodiorite porphyry; this mineralization extends northwest into sediments and

quartz diorite. This orebody consists of chalcocite ore with only relict and
volumetrically minor skarn mineralization. A smaller, northwest—trending orebody
occurs southwest of the granodiorite stock in sediments and quartz diorite, consisting
entirely of supergenc—derived mineralization. Between these well ~developed zones
of supergene mineralization, enrichment occurs as a continuous butlocally thin ( ~ <60
meters) and low grade (<0.2% Cu) blanket

Alteration  Hypogene (hydrothermal) and supergene alteration are economically
important within the Mine X orebody because both alteration types control the nature
and distribution of copper mineralization. Hydrothermal alteration occurs in
calcareous and noncalcareous sediments adjacent to the granodiorite porphyry stock,
and in igneous rocks intruded by the granodiorite porphyry stock. Silicification and
recrystallization of tHe calcareous Oswaldo and Syrena Formations produce hornfels
and skarn. The most abundant hydrothermal alteration products in these calcareous
rock types are magnetite, quartz, garnet, and pyrite. Shaly limestone and calcareous
shales, altered to hornfels, develop abundant epidote, tremolite—actinolite, and
chlorite, as well as magnetite—quartz— garnet—pyrite. Less abundant alteration
minerals are hematite, orthoclase, biotite, and scricite, with minor amounts of siderite,
apatite, hedenbergite, ilvaite, and trace kaolinite, minor montmorillonite, and gypsum.
Hypogene alteration of felsic to intermediate igneous rocks, and noncalcareous
sediments produced potassic silicates (orthoclase and biotite), sericite, quartz, clays
(kaolinite and illite), chlorite and epidote. Phyllic alteration is associated with the
highest grade of primary ore. Hornfels, adjacent to the potassic alteration in the stock,
are cut by biotite—-orthoclase veinlets. Skarn becomes more abundant in magnetite
and pyrite—chalcopyrite at this same contact, and is probably synchronous with
potassic alteration in the stock (Einaudi, 1982). Hornfels in contact with phyllic

alteration in the strong pyrite halo on the west margin of the stock, up to 10% pyrite



occurs in veinlets with alteration envelopes of variable epidote, chlorite,

montmorillonite, calcite, siderite, and specular hematite. Early skarn assemblages are
overprinted by hydrous silicates and carbonates near contacts with sericitized
porphyry; and contain 20—75% magnetite and 10—25% total sulfides (Einaudi, 1982).
These zones of phyllic (quartz+sericite + pyrite) and potassic (biotite+ K~ feldspar)
alteration, overprinted in some areas by argillic alteration, trend northwest as does the
granodiorite porphyry stock. Propylitic ( chlorite+epidote+calcite) alteration also
occurs outside of the study area (Barnes, 1986).

Supergene alteration resulting from the oxidation of primary mineral phases,
has engendered kaolinite, montmorillonite (smectite), alunite, sericite, quartz, and
minor chlorite. Oxidation of sulfides due to supergene processes produces (1)
indigenous ("derived from immediate area”) iron—bearing phases (goethite, hematite,
and jarosite), and (2) transportation of iron and other metals from sites of source
sulfides (exotic oxide development), including transportation of metals to significant
depths (hundreds of feet) below the current topographicsurface. The leached capping,
comprising rock from which metals such as copper and iron have been removed via
oxidation and dissolution in meteroic waters, above the enrichment blanket ranges
from zero to several hundred feet in thickness, generally thin in the north and thicker
to the south. See Cross—Sections A—A’ and B—B’ for distribution of supergene
alteration within study area. Sece results and discussion for alteration, lithology and
strutural effects on supergene alteration.

Background

Most previous studies of the Mine X area, emphasize gencral geology and
structure, and detailed characterization of hypogene mineralization. Supergene
enrichment has received little attention. Such supergene enrichment at Mine X,
however, was critical in the formation of economically important mineralization and

includes sulfides as “sooty” and “steely” chalcocite/digenite, volumetrically minor
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amounts of covellite, and trace amounts of bornite, idaite, and covellite—like phases.

Native copper, chrysocolla, cuprite, malachite, and azurite obtained from the “oxide
zone” immediately below a zone of intense cation leaching were important ore
minerals in early mining operations,and are locally present in minor qualities.

The volumetrically and economically most important supergene sulfide mineral
1s chalcocite, occurring as veins, discrete grains, coatings on pyrite, and, in deeper
material, as coatings and replacements along fractures in chalcopyrite and pyrite.
Because copper leaches more readily from highly fractured, silicified, and sericitized
rocks than from less altered rocks containing clay or carbonate, igneous rocks and
noncalcareous sediments contain the most significant enrichment at Mine X .
Structural control of supergene enrichment is evident at the east and west contact Zones
of the copper porphyry stock; these areas are more fractured than other areas of the
stock, forming two of the three northwest — trending supergene ore zones (see Geologic
Map of Mine X).

Previous Studies

Past work on porphyry copper systems, in particular supergene alteration and
mineralogy, include studies by Locke (1926), Blanchard (1968), Lowell and Guilbert
(1970, 1974), Gustafson and Hunt (1975), and Bladh (1978, 1982). Locke (1926) and
Blanchard (1968) discuss the interpretation of leached outcrop characteristics as
guides to supergene—derived mineralization. In continuance of these studies, Blahd
(1978, 1982) discusses the weathering processes by which goethite, jarosite, and alunite
form from sulfide—bearing felsic rocks and their correlation with abundance and
composition of sulfide minerals originally in these rocks. Lowell and Guilbert (1970)
define lateral and vertical alteration—mineralization zoning common in porphyry
copper deposits. Guilbert and Lowell (1974) extend this study to describe variations
in porphyry copper zoning patterns and assemblages from the "typical” model, and

discuss the functions of several variable conditions in the porphyry copper



environment.  Gustafson and Hunt (1975) propose a genetic model for the

emplacement and deposition of porphyry copper deposits using a detailed study of the
orebody and its environment at El Salvador, Chile.

Previous studies on New Mexico porphyry systems include studies by Graton
(1910), Paige (1912 and 1916), Spencer and Paige (1935), Lasky (1936), Schmitt (1939),
Lasky and Hoagland (1948), Kerr, et al. ( 1950), Leroy (1954), Ordonez, et al, (1955),
Jones, etal. (1961), Rose and Baltosser (1966), Nielsen (1968 and 1970), Jones (1967),
Jones and Hernon (1973), and Ahmad and Rose (1980). Most of these studies pertain
to general geology and structure, and detailed studies of hypogene mineralization with

some mention of supergene enrichment.

METHODS OF INVESTIGATION: SAMPLE PREPARATION AND ANALYSIS

Sample preparation and analysis of ~ 400 samples (sample numbers 1— 1705),
started in 1985, beginning as a project by Dr. William X. Chévez, Jr.toaid in heapleach
recovery by Mine X operations. That information hasbeen incorporated into this study
along with an additional 177 samples (numbers 1701—1888) analyzed by the author.

Methods and Procedures

Preparation methods entail heavy liquid separation of sulfide and oxide phases
from silicate minerals, and preparation of polished sections. Assay pulps, comprising
crushed core samples representing composite intervals, were collected from ore
controldrill holes at varying depths. Such composite interval samples provide excellent
volumetric representation of the oxide and enrichment zones of this ore deposit
because counting statistics of heavy concentrations are based on large —volume
samples. Aliquots of 25 gram crushed pulps were separated into a light fraction (mostly
silicate minerals) and a heavy fraction by centrifuging in a heavy (0=2.95-3.00)

sodium metatungstate liquid. The heavy fraction contains mostly sulfide and oxide
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TABLE 1. Chemical formulas for copper sulfide minerals used in supergene—to—
hypogene (cc+cv+bn/ep) and chalcocite — to—covellite ratios.

CU SULFIDE MINERALS CHEMICAL FORMUILAS
Chalcopyrite Hypogene CuFeS,

Chalcocite Supergene CusS

Covellite* Supergene CuS

Bornite Hypogene** CusFeSy

Digenite* Supergene Cuy5S

Idiate Supergene CusFeSy

*May occur as trace hypogene phases, usually encapsulated by pyrite.
**Bornite occurs as a hypogene phase (used for copper recovery study; generally in
frace counts) and as a minor supergene phase.

minerals, with some heavy silicates such as biotite and horneblende.

After this separation, the heavy fraction is frozen in the centrifuge bottle
usingliquid nitrogen; the lighter (top) fraction of the sample, consisting of silicate
minerals, is poured off and filtered separately. Note that the amount of sample subject
to separation depends on the amount of sulfides recovered; approximately 1.0 grams
are needed for a statistically significant mineralogic analysis. The heavy and light
fractions of each sample are then washed with distilled water during filtering to collect
the sodium metatungstate for recycling. After the samples have dried, the heavy
fraction is cast into grain mounts in cold—setting epoxy (see Figure 2). The silicate
mineral concentrate is saved for future analysis as needed; the heavy fraction is then
polished perpendicular to the grain settling cross—section for standard ore
petrographic study

Analvtical Technigues

Each sample was analyzed by standard petrographic techniques using area
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(volume) grain count methods to determine the supergene —to—hypogene copper

sulfide ratio, defined by the quotient cc+cv+ bn/cp (see Table 1 for chemical formulas).
Note that chalcocite grain count values also include digenite and idiate minerals
because of the paragenetic relationship and similarity with respect to leaching behavior
between these supergene sulfides. The character and paragenesis of supergene
mineralization and accompanying sulfides and oxides is noted for each sample. The
sample surface, analyzed by volume grain count methods, is a cross—section of the
settling column. This is representative of particle size and composition, which avoids
biasing due to size segregation, degrees of particle liberation and size and density.
Average surface grain size is tens of microns (u?) (see Figures 5 through 9). Resulting
ratio values reflect sulfide mineralogy content and not grade values; thus, variation of
heavy fraction amount is only of importance in samples with very low sulfide contents
(less than 0.5% —wt) which can bias ratio values through poor counting statistics. For
petrographic technique, grain count was made under reflected lightat 100 X, using 50
microns for one unit of linear count. For example, Figure 5 represents a surface area
inwhich the chalcopyrite mineral counted as 3 grain units and the chalcocite as 13 units.
Examples of characteristics noted during petrographic study and assessment of
paragenesis of sulfides in the leached capping, oxide, enrichment, incipient
enrichment, and protore zones can be seen in Figures 6,7, 8, and 9.

For each sample, the total of each mineral were calculated, and used to
determine the mineralogic ratios noted above. Some scanning electron microscope
(SEM) work was required in order to identify mineral phases in a some samples. Grain
count data and resulting ratios, with notes pertaining to sample character and
paragenesis, are listed in Appendix B in numerical order of samples, except where
sample numbers differ in sequence within a drill hole as indicated. Appendix A serves

as a key to locate ore control drill holes in Appendix B.
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FIGURE 7. Sample 1863 displays supergene enrichment paragenesis of cha
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100 1
FIGURE 9. Sample 41, seen at 100 X and polarized light, is characterized by primary sulfide

mineralization of unaltered chalcopyrite (cp) and pyrite (py); sample is of very low total sulfide content.
Largest chalcopyrite grain 120 microns in width.

INTERPRETATION OF RATTO DATA

Each supergene—~to—hypogene ratio defines the leached—oxide, sulfide
enrichment, incipient enrichment, or primary zone of the porphyry copper system.
These chalcocite ratios can also be applied to heap leach classification of ore—grade
material, as discussed in a later section. Chalcocite ratios in this study range in value
from 230 to low (<0.09). Material with ratios >0.4 corresponds to supergene
mineralization which is amenable to "fast” leach treatment. Low ratios (<0.3) indicate
volumetrically important hypogene (primary) mineralization with "slow” leach
characteristics. However, ratio values used to classify slow or fast heap leaching
material vary with the metaliurgy and economics of a mine. These values do not

necessarily correspond to ratio parameters of the ore zones defined herein.



Intermediate ratio values indicate transitions between zones. Oxide phases of copper

and iron or altered Fe—oxides and hydroxides indicate “oxide zone” and “leached
zone” mineralogies with little or no sulfide occurrence, respectively.

Ouantification of Copper Sulfide Mineralogy and Definition of Mineralogic Zones

Porphyry copper mineralization zones defined in terms of
supergene—to—hypogene ratio values can be contoured for thickness, extent, and
depth. See Figure 10 for summation of supergene —to—hypogene ratio parameters for
supergene—related ore zones and chalcocite to covellite ratio distributions. Note that
all ratio values are considered in conjunction with sampled intervals above and below,
and in correlation with ratios in adjacent drill holes to establish copper mineralization
zones at depths where no data is available. This insures that ratios do not result from
sporadic local effects. Note also that observations of mineral phases are used to refine
definition of zones.

Oxide and leached capping zones, caused by weathering—related alteration
engendered through acidic oxidizing solutions, are established by lack of sulfides and
concomitant presence of abundant iron oxides (hematite, goethite, and jarosite) in a
sample interval.

The TDS interface with the leached/oxide capping zone has been determined
in this study in order to establish the elevation of the upper surface of supergene
cnrichment. This is important because as the base of the leached zone is approached,
the amount of copper increases both in the form of oxidized minerals and supergene
sulfides, and even some remnants of primary sulfides. Thus, sulfide ratios for TDS can

range in value from unity to low or high ratio values.

Supergene mineralization produces cc+cv+bn+id/cp ratio values of >0.4. The
lower value (0.4) is defined in this study as "weak or incipient supergene enrichment,”
characteristic of the "bottom of enrichment blanket”.

Protore is quantified by chalcocite ratios <0.3 and low total (cc+cv+id+bn)
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FIGURE 10. The supergene —related mineralogic zones, as defined in this study, illustrated
in a schematic representation. These zones are defined through quantification of
supergene —to—hypogene and chalcocite—to—covellite ratio values. Also shown are the
relative abundances of chalcocite~to—covellite within different copper ore zones.
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columns due to a general scarcity of supergene mineral occurrence. Unless otherwise

defined as incipient enrichment (established through covellite occurrence as discussed
below) the top of primary mineralization is defined by ratio values <0.3. Lack of
incipient enrichment in some areas reflects weak supergene mfluence, probably
because of low solution copper content, lateral movement of mineralizing fluids, or
neutralizing environment of wallrock (see Figure 9). It is observed that for chalcocite
ratios <0.3, supergene processes did not effectively replace protore minerals,
chalcopyrite and pyrite.

Chalcocite—to—covellite ratios were used to establish an Incipient enrichment
zone below the strongly enriched chalcocite zone. In general, within the supergenec
enrichment blanket, chalcocite (CusS) occurs at the top where supergene solutions
have relatively high Cu*2/HS ™ ratios; covellite (CuS) occurs at greater depths and the
“blanket” becomes less enriched where Cut?/HS™ is Jower (Guilbert and Park, 1986).
Figure 10 illustrates an incipient enrichment boundary based on relative abundances
of chalcocite—to—covellite. A low chalcocite —to—covellite (cc/ev) ratio of <0.3,
defines the incipient enrichment boundary for protore mineralization for sample

intervals in which covellite occurs.

PREPARATION OF RATIO CORRELATION MAPS

Correlation and computer contouring of the data from chalcocite ratios,
chalcocite —to—covellite ratio data, and drill hole core logs, generates contours for the
thickness, extent, and depth of the Mine X mineralogic zones. Map preparation
includes correlation of ratios on a complex fence diagram using drill holes for control
data. Defined by the TDS and protore surfaces, depths to ore zone boundaries were
plotted and correlated for leached/oxide capping, supergene enrichment, and primary

mineralization. Due to removal of overburden and ore by mining, 64 drill holes
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intercept supergene enrichment at their collar clevations which prohibits the

determination of TDS surfaces by ratio parameters. In these cases, the TDS elevations
have been approximately established usinglogs of older, adjacent ore control drill holes
made prior to mining of the supergene enrichment surface. Not all core logs of adjacent
clder drill holes were available, which required inference of TDS surfaces based on
geologic and mineralogic trends. Elevations deduced by correlation with other drill
holes (using either core log or ratio data) for top and bottom of supergene enrichment,
results in approximations with variable error of 10 to 40 feet . See Cross—Sections
A—=A" and B-B,” and Appendix A for TDS and protore surfaces with resulting
supergene blanket thickness, including location and numbered sample intervals, for
each drill hole.

Figure 11 illustrates a cross—section of an ore control drill hole with volume
grain counts and ratio values for intervals sampled. Copper mineralogic zones are
established by these values and by correlation with adjacent drill holes. These
correlations provide trends in boundaries which is useful in evaluting local effects and
in determining mineral zones between and beyond control points. In Figure 11, the
drill hole intercepts a local, sporadic occurrence of a 13 foot interval of low ratio values,
unaffected orslightly influenced by supergene enrichment within the “blanket”. These
local areas of primary mineralization within the supergene enrichment blanket are not
uncommon, due to local structural features or change in wallrock geochemistry. For
this particular drill hole, possibly a xenolith or interfinger of limestone has promoted
a "pocket” of skarn mineralization within this interval containing a high volume count
of chalcopyrite.

Due to lack of data, or due to skarn development in limestone units, drill holes
not used for contouring the TDS and/or top of protore surfaces are thus noted in
Appendix A. Where indicated by ratio and core log data, areas of metasomatic ore are -

not included as extensions of the supergene enrichment blanket, as seen in the
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FIGURE 11. Example of cross—section of a drill hole illustrates volume copper sulfide grain
count for chalcocite (cc), covellite (cv), and chalcopyrite (cp) per sampled interval. These
grain counts result in cctcv+bn/cp ratio data (example 0.8) used in establishing
mineralization zones of the Mine X porphyry copper system. See discussion.
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thickness contour map. This is done because skarn—type ores are charactereized by

mineralization (carbonate~hosted) which does not promote leaching for supergene
enrichment of copper.

Maps were contoured for ore control drill hole collar, TDS, and protore
surfaces, and thickness of supergene blanket, using contour data listed in Appendix A
(see Plates 1, 2, 3, and 4). Plots of three—dimensional surface expressions were
produced with the Surfer program for these same surfaces including an overlay of TDS
and protore surfaces (see Figures 12 through 18). Cross—sections A—A and B—B’
were produced from surface contour maps, in conjunction with a fence diagram used
as a worksheet for correlation of data. These cross—sections show variations in the
copper sulfide zones with drill hole collar geology in representative north to south and

east to west directions.

RESULTS

Through definition and correlation of cc+cv+bn/cp ratios calculated from
volume grain count of copper sulfides in geostatistically sampled intervals , elevations
of supergene —related mineral zones were ascertained. Contouring of these depths,
listed in Appendix A, produced surface maps and three—dimensional surface
expressions for TDS and bottom of enrichment blanket elevations, and supergene
enrichment blanket thickness. The surface contour maps (Plates 2, 3, and 4) were
overlayed with the Geologic Map of Mine X to establish the relationship of supergene
enrichment thickness, extent, and top and bottom depths to wallrock lithology,
alteration, and structure. For visualization of results, the reader should refer to
overlays of specified contour surfaces (Plates 2, 3, and 4), including Plate 1 for location

of drill holes and cross—sections, on the geologic map; three—dimensional expressions
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the Mine X porphyry copper deposit, looking south.
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of surfaces (Figures 12 through 18); and Cross—Sections A—A and B—-B'.

IDS and Top of Protore Surface Elevation Variations with Geologv of Mine X

The protore and TDS surfaces, whose separation interval defines the
enrichment blanket thickness, decrease sharply in elevation from the scdimentary
rocks on the eastern margin of the porphyry system, and decrease gradually from the
northern and western margins. These elevations decrease, in an irregular fashion,
towards the central and southern sections of the study area, which contain granodiorite
(Tgq) characterized by phyllic alteration. In general, the higher TDS and top of protore
surfaces elevations occur on the east, west, and northern perimeter of the study area,
in sedimentary rock units. (see Figure 14). Top and bottom of the enrichment blanket
elevations decrease in the biotite—clay altered granodiorite (Tgb) in the north and
central area of the map before dropping sharply into Tgq.

Within the area containing the supergene blanket, irregular topographic highs
occur for the protore surface at drill holes 1891 and 1703. These drill holes are in or
ncar Tgq and northeast—striking faults with dips of 70—80° west, respectively
(northwest—striking faults also occur in these areas). Other shallow top of protore
surfaces occur at drill holes 1613 and 1609 in the Colorado Formation (Kc) along a
major northeast—striking fault, with 53° south dip, and at drill hole 1546 in breccia in
the northwest section of the map. Drill hole 1786 has high elevations for both TDS and
top of protore surfaces in granodiorite with feldspar alteration (Tgf) in the
south—central section of map. Other shallow elevations for TDS occur in Tgb,
adjacent to the Tgf, in drill holes 1848 and 1850. Drill hole 1850 is located at a
northeast—striking fault with 65° north dip. Also noted are three occurrences in the
south section of the map, in drill holes 1888, 1838 and 1713, of relatively higher TDS
surfaces near granodiorite porphyry dikes (Tgd) which cut through Tgq and the early
quartz diorite porphyry sill (Kep).

Overall, the lower elevations for TDS and protore surfaces occur in Tgq and in
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the late quartz diorite porphyry sill (Klp), Kep, and some minor Ke in the southern

section of the study area. Of interest, lowest elevations, and thickest blanket, occur in
an area of Tgq that is nearly encircled by Tgb. Faults in this area are of variable
northwest strikes and variable south dips. Local deeping, relative to higher
surrounding elevations, of the top and bottom “blanket” surfaces occur in Kc just east
of northwest—trending faults dipping south, Kep, and Klp, locatedin the south section
of map. The top of protore surface forms a northeast to east trending trough in Tga,
latite dikes (Tli), and quartz orthoclase (potassic) altered granodiorite (Tgk) of the
northwest section of map. This depression is south of a Tli dike which defines a major
northeast fault system. Protore surface depressions also occur in the northeast section
of the map in Klp . Drill hole 1548 has a depressed protore surface in a minor
northeast—striking fault system dipping south in the Syrena Formation (Cs) near a
quartz latite dike (Tliq). Depressions in TDS surface occur in Kep at drill hole 1887
castofanortheast—trending fault dipping south and at drill hole 1800 in the Beartooth
Quartzite Formation (Kb). The TDS surface also has low elevations atdrill hole 1703
in a highly faulted area of Cs in which the protore surface is high.

Supergene Enrichment Blanket Thickness Variations With Geology of Mine X

The supergene blanket is generally thickest where TDS and protore surfaces are
deepest, and thinner in the west, east and northern perimeter of the study area where
these same surfaces are shallow. In the central and most southern sections of the study
areawhich encompass Tgq, Kip, Kep, and Tgb, blanket enrichment thickness is thicker.
See Figures 14, 15, 16, and 17 for oriented views of enrichment thickness. The thickest
blanket (950 feet) occurs in the area of Tgq nearly encircled by Tgb.

Blanket thickening, relative to surrounding values, also occurs in a suspected
northwest trend of > 720 feet thickness. This trend islocated in the lower south section
of the map, in areas of Tgb near a Tlig dike trending northeast and near

northeast—striking faults dipping north; and in Tgq ncar a northwest~trending Tgd
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dike. The enrichment blanket thickens locally in Klp, in contact with Ke, in which most

of the drill holes are near northeast—striking faults dipping north in the northeast
section of the map. A local thickening also exists where the top of protore surface is
depressed along the major northeast—trending fault system of the northwest section of
the map, defined by the Tli dike.

Localized blanket thinning occurs in the central section of the study area in
areas of Tgq, close to fault systems trending northeast and northwest; and in Kb (may
be underlain by Tgq) near a quartz monzonite dike (Tqm) which defines a
northeast—striking fault. Thinning of the blanket occurs in a minor outcrop of Syrena
Formationwith a northeast—striking fault dipping south, in the northwest section of the
map. Drill hole 1703, located in a northeast and northwest trending, highly faulted zone
and close to Tgq, contains the thinnest enrichment. Drill hole 1699 also occurs in this
arca of blanket thinning but is in Tgq in a northeast—striking fault with 54° north dip.
In the northeast section of study area, the Syrena Formation (Cs) also has thinning of
the enrichment blanket, formed near skarn formation where carbonates are more
prominant than shale and underlain by the Oswaldo Formation (Co). Skarn
occurrences (primary mineralization) are not mapped for enrichment thickness or as
part of the protore surface, as seen in Cross—Section B~B’. Metasomatic
mineralization has been identified in the upper northeast section of the study area,
from ratio characteristics and ore control drill hole core logs. Thinning of the
enrichmentblanket occurs in other areas of Cs outcrop, in the western margins of study
area, extending into breccia and Ke. This outcrop of Ke occurs in one of the thinnest
arcas of the mapped blanket, and is in contact with a major northeast—striking fault

(dipping south), breccia and a north—trending Tqm dike.
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FIGURE 20. Classification of heap leach materials by chalcocite ratios is illustrated
in graphs A and B (see above discussion) (Chavez, 1987).

APPLICATION OF RATIO DATA BY MINE OPERATIONS

Study data have been applied to heap leach classification of ore —grade material
at Mine X. Because study observations permit segregation of ores by mineralogy as
well as by grade, ores may be distinguished by their salient physico—chemical
characteristics, permitting copper leach efficiency and recovery to be d.etermined by
the geochemical composition of ore materials, rather than just by copper grade. This
has resulted in faster copper recovery from ores with high chalcocite ratios.

Heap leaching is used to recover copper in moderate to high grade ores and low
grade waste rock having copper mineralization that is amenable to acid leaching such

as oxides, silicates, and certain sulfides. These sulfides exclude chalcopyrite and pyrite
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because these minerals are not attacked by acid ferric sulfate solutions. Because of the

sensitivity of leaching to copper mineralogy, mineralogy is especially important in heap
leaching schemes. Careful consideration of pH and oxidation potential is required to
establish the conditions for solubilizing copper (Hiskey, 1986). The graphs in Figure
20 illustrate how supergene~to—hypogene ratios are used in relation to copper ore
grades to determine whether to send ores to the mill, to the “fast” or "conventional”
leach pad, or to the waste dump. Graph A is the original classification scheme,
modified in graph B for better recovery of copper. The cutoff copper grades between
mill ore/waste and leaching depend upon the economic factors of a mine and
metallurgy of the copper sulfides. In Graph A, the chalcocite ratio boundary between
fast and slow leach materials is dependent upon the same factors. In Graph B, the
boundary between fast or slow leaching is determined by the formula

grade=0.2(ratio)—0.086/ratio. This curved boundary enables a more economical

recovery of copper at low grades with a slow leaching process. Even at high chalcocite
ratio values, low copper grades are usually associated with a high pyrite content which
would promote a more complete leaching of ore. This application of sulfide ratios
provides mine operators with an efficient means of classifying mined materials using

supergene mineral distribution and relative abundances.

DISCUSSION

The depth of enrichment of any weathering porphyry system depends upon the
local hydrology, including such factors as the permeability of the various alteration
zones, topographic relief, and rates of precipitation and infiltration. Other factors
include the kinetics of secondary mineral precipitation, relative to the rate of ground
water flow in the lower portion of the blanket zone. Changes in enrichment thickness

locally may reflect lateral flux of copper during late stages of “supergene evolution” or
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represent a fundamental change of the physical and chemical properties of the rock

type and/or wallrock alteration with depth in these areas (Alpers and Brimhall, 1988).
Observed effects of specific wallrock characteristics on copper sulfide mineralogy
zones are discussed in the following sections.

Observations described in results, deduced from contour characterization of the
enrichment blanket coincident with geology, agree with the supergene morphology
described in the literature on the Mine X porphyry copper system. The description
from literature, which agrees with study results, is listed in the following and discussed
inlater sections. The secondary enriched orebody consists of three northwest trending
zones of tens to 200 meters thick relatively high—grade ore (< 0.97% Cu) formed
mostly in the phyllic alteration zones within and around the granodiorite porphyry stock
and its potassic alteration (Gilmour, 1982). Appreciable amounts of chalcocite are
present locally at greater depths. Besides these ore zones, the porphyry and its
alteration zones also trend northwest as noted in the geologic map and contour maps.
The following descriptions from the literature are also noted in the enrichment blanket
thickness map. The most northeasterly orebody occurs in sediments, quartz diorite,
and the granodiorite stock, generally as supergene chalcocite. Locally important skarn
mineralization occur near the north end of this supergene zone.

The areally most extensive mineralization occurs in the center of the study area,
in granodiorite porphyry; this mineralization extends northwest into sediments and
quartz diorite. A smaller, northwest—trending orebody occurs southwest of the
granodiorite stock in sediments and quartz diorite, consisting entirely of
supergene—derived mineralization. Between these well—developed zones of
supergene mineralization, enrichment occurs as a continuous but locally thin (=~ <60
meters) and low grade (<0.2% Cu) blanket

Alteration Effects on Supereene Enrichment

Phyllic aiteration of the granodiorite stock (Tgq), Kip, Kep and Kc has the
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thickest enrichment, located near the contact with Tgb, especially west of the potassic

altered granodiorite. The western contact between Tgq and Tgb appears to have
promoted supergene enrichment processes to greater depths: away from this interface
of potassic and phyllic alteration, enrichment thickness and grade decrease. Note that
the thickest enrichment in the study area is adjacent to this contact, in the southern
section of study area (Tgq nearly encircled by the Tgb). Phyllic altered Klp and Kc,
east of the potassic zone, have equivalent enrichment thicknesses to those of phyllic
altered areas west of the potassic alteration, but at higher elevations for top and bottom
of the supergene enrichment blanket (see Figure 14). Drill holes located in Tgb, near
its western contact with Tgq, also have relatively thick enrichment; probably due to
overprinting of phyllic alteration on potassic alteration with argillization. In these
zones of phyllic and mixed phyllic—potassic alteration, chalcopyrite is usually more
abundant relative to pyrite in protore sulfides.

Chalcopyrite is most abundant in a zone approximately along the boundary
between the potassic and phyllic alteration zones, and in a zone extending east—west
through the central part of the granodiorite stock. Itis noted that the areas of thickest
enrichment are along the contact between alteration zones in areas of abundant
hypogene mineralization (<0.4% wt cp). Pyrite comprising 4—8% —wt, is abundant in
the phyllic zone. Chalcopyrite and pyrite are both volumetrically low in the
north—central and south—central portions of the stock, with a “patch” of pyrite in the
south central part of stock (Rose, 1970). This agrees with the Lowell and Guilbert
(1970) porphyry copper model in which potassic alteration is known to have sub—ore
grade copper associated with potassic alteration minerals.

The greater depths of secondary enrichment is attributed to advanced argillic
and phyllic alteration assemblages having little or no capacity to neutralize supergene
acids. The western contact has greater development of phyllic and argillic alteration

than the east side, creating the trough within the “blanket.” The quartz diorite sills
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(Klp and Kep) are geochemically equivalent to the granodiorite stock and thus react

the same under phyllic alteration. If Tgq is inferred to underlie Klp, Kep, and Kc at
the southern section of the map, in contact with the potassic zone, then phyllic altered
granodiorite and the quartz diorites contain overall the deepest and thickest section of
the enrichment blanket. Potassic and propylitic alteration assemblages, however, have
more reactive gangue minerals, such as feldspars, chlorite, and biotite, which inhibit
iron transport by consumption of hydrogen ions through hydrolysisreactions. Thus, the
geochemical, structural setting of the phyllic altered granodiorite and quartz diorites
favor greater depth of supergenc enrichment. This mechanism is likely responsible for
the trough in the enrichment blanket.

Local areas of thinning of the blanket that do not appear structurally related,
may be due to hydrologic effects, influenced reductions in permeability. Supergene
alteration to, or production of kaolinite, alunite, and chalcocite toward the end stages
of the leaching and enrichment process may reduce permeability to the extent that
downward infilitration would be significantly reduced. This results in more lateral
groundwater flux (Alpersand Brimhall, 1988). Another local effect of alteration on the
“blanket” morphology is attributed to the feldspar~altered granodiorite (Tgf) which
appears to promote shallow depths for both TDS and protore surfaces relative to
surrounding values.

Structural Effects on Supergene Enrichment

Structural features that appear to have some control on mineralization are
cither regional or local to the Mine X porphyry copper system. The northwest trend
defined by a trough of relatively thick and deeper depths of supergene enrichment is
a structural characteristic of the Mine X district. The geometry of the granodiorite and
its hydrothermal alteration phases are also structurally controlled by this
northwest—striking fault structure.

Deepest TDS and top of protore surfaces appear related to both the alteration
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effects and to this northwest —striking regional structure which allows, under favorable

geochemical conditions, extensive thickness of enrichment to form. This abrupt
change in depth for the TDS surface may have been caused by other, unknown factors
besides the paleo—water table, such as post—enrichment tilting to the south.

This trend is also noted in the literature in which high chalcopyrite zones occur
near both of the stock contacts in elongate northwest directions. Pyrite also forms
northwest—trending zones overlapping with the chalcopyrite zones along the outside
margin of the stock.

Local thickening of the blanket at drill hole 1744, located in K¢ at the south end
of the study area, appears related to faults of northwest strike with 60° south dips.
These faults can act as conduits for supergene fluids, promoting low elevations for TDS
and protore surfaces.

A northwest trend of > 700 feet thickness occurs along the northwest trend of
a Tgd dike which may indicate further extension of this fault structure in the southern
direction.

The northeast—trending faults within the Mine X Geology Map are related to
Laramide age regional tectonics of the southwestern United States. Some local
thinning in the enrichment blanket is likely due to “open—system lateral flux” regions
and usually occur as “sources” along trends of fracturing and faulting (for example, see
Brimhall et al. 1985 for work at La Escondida, Chile). In the northwest section of the
study area, a prominent northeast —striking fault system, defined by Tli dikes, produces
a noticeable, local deepening of top of protore surface and thickening of the
enrichment blanket. Just south of these Tli dikes, the northeast—striking fault with
breccia and various dikes create a complex area in which the supergene blanket is very
thin and the protore surface shallow. At drill holes 1703 and 1714, minor fault systems
withoverall northeast trends, and north approximately 60° dips, appearrelated to areas

of thinning in the enrichment blanket and shallow top of protore surface.
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All three drill holes in breccia units intercept thinning of the enrichment

blanket, probably due to high permeablity for vertical and lateral movement of
supergene fluids or to low pyrite content. Cuprite occurs as a minor constituent in the
breccia matrix.

Wallrock Lithology Effects on Supergene Enrichment

In addition to structural controls, local effects on supergene enrichment
morphology are dué to certain lithologies which control the depths of TDS and protore
surfaces, and “blanket” thickness. Limestone units of Co and Cs form skarn
mineralization, and in some areas, thin and poorly—developed enrichment occurs in
the Cs unit. Carbonaceous shales within Cs show weak supergene enrichment. Phyllic
altered Klp in the northeast section of the study area produces a low protore surface,
indicating a thickening of the enrichment blanket.

The three occurrences of shallow TDS depths and thickening of enrichment
blanket, relative to adjacent values, occur near Tgd dikes which define northeast and
northwest—trending fault systems. The Tgd dikes emplacement occurred as
intramineral and postmineral, and may be apophyses of the granodiorite stock. Both
Tgd and the surrounding Tgq are cut by quartz—alunite and quartz—sericite — pyrite
veinlets. Tgd is bleached, with hornblende and biotite phenocrysts altered to illite and
and andesine phenocrysts to a mixture of clay and sericite. The shallow TDS surface
near these dikes may have resulted from their intrusion into the stock (Tgq) already
altered to the sericite stage. A subsequent alteration of Tgd by deuteric action or later
influx of acidic, metal—bearing fluid would then cause propylitization and mild
argillization.  Theless phyillicaltered Tgd would develop a more relatively shallower
oxidation zone. The local thickening of enrichment near these dikes may have
developed through the same structural controls used for emplacement of the

Tgd.
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CONCLUSION

This supergene mineralogic study defines quantitatively the mineralogic sulfide
zones of the Mine X porphyry copper system within an area sampled by ore control drill
holes.  Application of study results has substantial importance in the assessment of
those volumes of the porphyry copper system containing significant chalcocite
enrichment and associated favorable recovery characteristics for heap leach methods.
Futhermore, this research is a detailed case study of an enriched porphyry copper
system in terms of the Lowell and Guilbert (1970) model.

Although the enriched chalcocite zone at Mine X formed in response to a
gradually descending water table and redox front, certain aspects of hydrothermal
alteration, lithology, and structural features of the host rock appear to have had a major
influence on the thickness, extent, and depths of supergene enrichment. The following
summarizes the results of applying ratio data in the form of contour maps to the geology
of Mine X.

Map Resuits From the northern half perimeter of the study area, the supergene blanket
becomes deeper and thicker towards the central and southern areas of the Mine X
porphyry copper deposit. From the west and north margins, the enrichment blanket
deepens and thickens gradually towards the center of the study area. This is as opposed
to the sharp descent in elevation and sharp increase in blanket thickness from the east
margin. Due to structure and lithology effects, this general trend is interrupted by local
changesin the TDS and top of protore surfaces, and in the supergene blanket thickness.
A northwest—trending trough of thickest, and lowest elevations of, supergene
enrichment results. This trough of enrichment is parallel to, and west of, the general
trend of the potassic altered granodiorite (Tgk and Tgb), and occurs in the phyllic
alteration of predominantly Tgq with Kep, Klp, and Kc. The mapped thickness for

phyllic alteration of Klp, east of the potassic alteration, has equivalent thickness to
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some areas of enrichment west of Tgb. However, this occurs at shallower depths and

abruptly thins out away from the granodiorite stock.

Supergene Enrichment High chalcopyrite content and strong phyllic alteration of

granodiorite appear to favor increased thickness of the enrichment zone. Factors, in
order of importance, for developing the Mine X enrichment blanket are: (1)
structurally developed permeability (pre —copper mineralization), on which the degree
of hydrothermal alteration depends, (2.) host rock mineralogy, (3.) paleo—topography
(piezometric surface), including climatic desiccation, and (4.) primary mineralization
characteristics. All of these factors control rates of sulfide oxidation and groundwater
table descent, which in turn, determine overall efficiency of supergene leaching and
enrichment processes.

Supergene enrichment at Mine X began after deep erosion of the granodiorite
stock and surrounding lithologies, exposing the top of the protore. Approximately
2,000-3,000 feet of overlying rocks were eroded and during this process the protore
became enriched to nearly its present extent. Oligocene volcanic rocks then blanketed
the area and the water table became shallow, submerging the leached and enrichment
zones. With the erosion of the volcanic rocks, the exposed porphyry system underwest
further weathering and subsequent enrichment until the Pliocene(?). At this time, the
deposit became buried by the Gila Conglomerate (of unknown thickness). With
erosion over time, the Mine X deposit was again exposed to weathering and supergene
processes. Part of the leached zone is known to have eroded away.

Overall, the morphology of the supergene enrichment blanket appears to be
controlled by a major northwest fault system resticted to the Mine X district and the
change from potassic (biotite—clay) altered to phyllic (quartz—sericite, +pyrite)
altered granodiorite stock with its ranging chalcopyrite and pyrite content. Minor
depth changes for the TDS and protore surfaces, and blanket thickness, are attributed

to local major and minor fault systems of both northeast and northwest (the dominant
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system) trends; and to lithologies which prohibit or promote to some extent reactions

for supergene processes.

RECOMMENDED FUTURE STUDIES

Recommended future studies should include isotope work on selected silicate
rinerals (light fractions) of the samples used in this research, creating isotope contour
values for the same drill holes. Isotope contours correlated to the mineralization Zones
determined in this study, may determine a relationship between these two factors and
help to define argillic alteration areas as supergene or hydrothermal. Thisrelationship
would establish a better understanding of the geochemistry at Mine X porphyry copper
deposit and similar orebodies in the southwestern United States. Also recommended
isaquantitative study similar to thiswork, but using instead total copper sulfides to total
pyrite content ratios for all samples per drill hole as listed in Appendix A and B. A
structural study of the northwest —trending fault system should be given some thought
as it is local to the Mine X minerals district and appears to be a control in localizing
sulfide mineralization and orienting intrusive emplacements. A quantitative study of
the remaining leached capping/oxide zone would be of interest in determining if there
is an overall lateral flux system related to this northwest structural system (Brimbhall,

et al. 1985).
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APPENDIX A

DRILL HOLE DATA



LEGEND

Thickness

Formation _Age and Formation Name (feet) Description

Qal Quaternary aluvium variable Unconsolidated sand, gravel,
and clay.

Tli Tertiary latite dikes variable Mostly porphyritic.

Tlig Tertiary quartz latite dikes variable Mostly porphyritic

Tgm Tertiary quartz monzonite porphyry  variable Dikes of salic quartz monzonite
porphyry. Phenocrysts of
plagioclase, coarse orthoclase,
biotite, and quartz in a fine to
aphanitic groundmass of quartz
and orthoclase.

Twh Tertiary breccia variable Breccia consisting of angular
fragments of stock rock, some
quartzite, and schist, cemented
with quartz, orthoclase, and
magnetite.

Ted Tertiary granodiorite porphyry dikes Phenocrysts of plagioclase,

variable thick biotite, horneblende, and
sparse quartz in a groundmass
of fine to aphanitic quartz and
orthoclase.

Ter Tertiary granodiorite porphyry stocks Composition and texture very

variable similar to above, except for
lighter color.

Tg Tgr with quartz-sericite alteration

Tgb Tgr with clay-biotite alteration

Tgf Ter with feldspar porphyry alteration

Tgk Ter with quartz orthoclase alteration

Kip Late Cretaceous, late quartz diorite Phenocrysts of plagioclase and

porphyry variable horneblende in a groundmass of
quartz and othoclase, as sills
and local dikes.

Kep Late Cretaceous, early quartz diorite Phenocrysts of plagioclase,

porphyry variable thin biotite, horneblende and
quartz in a groundmass of fine
quartz and feldspar.

Ke Late Cretaceous Colorado Formation Upper 800 {t consists of tan,

0-1000 greenish-brown, and white

57

sandstone interbedded with
dark—green, brown, and black
shale. Lower 225 ft is black
limy shale except for 20 ft of
quartzite ahout 80 ft ahove base



Formation

Age and Formation Name

Thickness

(feet)

Description

Kb

Ca

Co

Clv

Late(?) Cretaceous Beartooth
Quartzite Formation

Lower Permian Abo Formation

Upper Pennsylvanian Syrena
Formation

Upper and Middle Pennsylvanian
Oswaldo Formation

Lower Mississippian Lake Valley
Limestone Formation

66--140

(0-265

170-390

330420

300400

Thin beds of fossiliferous
impure limestone conspicuous
in lower part above the lower
beds of black shale.
Fine—grained quartzite con-
taining thin black-shale
partings locally. Conglomerate
beds near top.

Red shale, mudstone, and limy
mudstone containing lenses of
algal conglomerate locally.
Impure limestone and 1s inter—
bedded with irregular lenses of
red calcareous shale and with
shale beds particularly in lower
140 ft.

Blue-gray limestone, fairly
pure except in upper part, inter—
bedded with thin shale beds:
gray to red siliceous shale or
grit about 20 ft thick at base.
Limestone, pure crinoidal and
massive in upper part, argilla—
ceous and thin bedded in central
part. Much nodular chert
throughout.

*LEGEND DERIVED FROM THREE DIFFERENT DESCRIPTIONS OF REGIONAL GEOLO-
GY OF THE MINE X AREA.
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APPENDIX B

SAMPLE INTERVAL DATA

a5



EXPLANATION

Cp. cpy

Cc

Id

Mb

Py

Mt, mgt

Hm

Log notes

chalcopyrite
chalcocite
bornite
digenite
idiate
molybdenite
pyrite
magnetite
hematite
limonite
shale

limestone

sample number out of sequence

ratios calculated from weight
percentage instead of line counts

notes a mixture of observations

and core log notes.

descriptions from core logs put in
notes for each drill hole if available

67
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