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ABSTRACT

The average sulfur content of sedimentary rock 
samples from the southeast Arizona geologic column, rang
ing in age from the PreCambrian to the Cretaceous, indi
cate that the rocks are generally low in total sulfur 
content. The largest concentrations of sulfur occur in 
the Permian Epitaph Formation, the Cretaceous Apache 
Canyon Formation and the Upper Precambrian Pioneer Shale.

The trends of sulfur variation in the Paleozoic 
sediments parallel those of the Paleozoic sediments in 
the Russian platform. Low sulfur contents are present in 
the early Paleozoic, increasing through the Middle Devo
nian. Sulfur contents decrease during the Late Devonian 
through the Pennsylvanian (Late Carboniferous). A large 
increase occurs near the Pennsylvanian-Permian boundary 
with the maximum sulfur content of the Paleozoic being in 
the Permian.

Sulfur isotope analyses (63 4S) indicate a value 
of +8.6 per mil for the Permian gypsum which is in agree
ment with the +10 per mil average of worldwide Permian 
evaporites. The Tertiary and Quaternary gypsums range 
from -24.2 to +5.3 per mil. These isotope values reflect 
the wide variety of evaporite depositional environments

xi



in southeast Arizona, which can be described using thermo
dynamic components and energy momentum transport models.
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CHAPTER 1

INTRODUCTION

The initial sulfur distribution patterns in sedi
mentary host rocks intruded by plutons are critical for 
the determination of possible sulfur source regions for 
porphyry copper mineralization in southeast Arizona.
Heat transfer and fluid circulation, initiated by intru
sive events, are responsible for the redistribution of 
sulfur within the hydrothermal flow region and the sub
sequent concentration of sulfur around and within the 
intrusive bodies.

The original abundance and distribution of sulfur 
within the sedimentary rocks is a reflection of the sedi
mentary depositional environments. Diagenetic parameters, 
such as aqueous solution chemistry, temperature and hydro
static pressure can be used to create activity and fuga- 
city diagrams which represent the phase boundary relation
ships between anhydrite and pyrite at depth. Sulfur 
isotope (34S/32S) analyses of the evaporitic rocks can 
provide the initial isotopic ratios at the time of evapo
ritic deposition, which aid in the determination of the 
mode of occurrence and the degree of bacterial reduction 
of the sulfate phase.

1



2
The purpose of this study is to determine the 

stratigraphic distribution of sulfur in the sedimentary 
rocks of southeast Arizona and to evaluate that distri
bution with reference to depositional environments, sul
fur bearing phases and sulfur isotopes. The variation 
of sulfur within the sedimentary section is not well 
known and comparisons with present data is generally 
restricted to sulfur content averages for various lithol
ogies (Turekian and Wedepohl, 1961; Holser and Kaplan,
1966; Krauskopf, 1967). Detailed analyses of sulfur in 
various sedimentary lithologies are not common with the 
exception of Vinogradov and Ronov (1956), who analyzed 
the distribution of sulfur with a number of other elements 
in the sedimentary rocks of the Russian platform and cor
related their results with age and rock facies. Average 
total sulfur contents for some major lithologies are: 
limestones, 1,200 ppm; shales, 2,400 ppm and sandstones, 
240 ppm (Turekian and Wedepohl, 1961). A compilation of 
sulfur contents in rocks by Nriagu (1978) indicates 
values of 1,300 ppm and 2,700 ppm for limestones and 
shales, respectively (Holser and Kaplan, 1966). The 
average value of sandstones was again placed at 240 ppm 
(Krauskopf, 1967). It is important to note that the 
average sulfur content of evaporites is 170,000 ppm 
(Holser and Kaplan, 1966). The evaporites in the geologic
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section in' southeast Arizona are thus extremely signifi
cant as potential sulfur sources.

1.1 Sedimentary Rock Sample Locations
The sedimentary rock samples used in this study 

were taken from surface outcrops in lithologic sections 
that were relatively isolated from the effects of Lara- 
mide intrusions. Because the sample locations are at 
least three kilometers from known plutons, it is assumed 
that the sediments sampled represent the original sulfur 
distribution patterns that were formed during sedimentary 
deposition. The samples were collected from lithologic 
sections in which the formations are readily discernible 
and from locations where the formations are generally 
present in complete and unbroken sequences so as to in
crease the accurate field identification of samples. 
Samples were taken from stratigraphic type sections, 
reference sections and from lithologic sections that were 
studied in great detail (see references below).

The index map of Figure 1 shows the various 
locations where samples were obtained. The Paleozoic 
rocks were sampled in the Tombstone Hills, Mule Mountains, 
Dos Cabezas Mountains, Whetstone Mountains, Mustang 
Mountains, Santa Catalina Mountains, Dripping Spring 
Mountains, Snyder Hill and in the Rincon Mountains near 
Colossal Cave. Samples of the Cretaceous Formations are



Figure 1. Index Map of Arizona (a) Showing Southeast 
Arizona Sample Area and Map of Southeast 
Arizona (b) Showing Individual Locations of 
the Sedimentary Rock Samples. —  Letters in 
(b) correspond to the following sample loca
tions: A = Snyder Hill; B = Empire Mountains;
C = Mustang Mountains; D = Whetstone Mountains; 
E = St. David; F = Tombstone Hills; G = Mule 
Mountains; H = Rincon Mountains; I = Santa 
Catalina Mountains; J = Dripping Spring 
Mountains; K = Mescal and Pinal Mountains;
L = Dos Cabezas Mountains; M = Chiricahua 
Mountains and N = Safford Valley.
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Figure 1. Index Map of Arizona (a) Showing Southeast 
Arizona Sample Area and Map of Southeast 
Arizona (b) Showing Individual Locations of 
the Sedimentary Rock Samples.
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from the Mule Mountains near Bisbee, Arizona and from the 
southern flank of the Empire Mountains. The Precambrian 
rocks were sampled along Arizona Highway 77 in the vicin
ity of the Mescal and Pinal Mountains and in the Putnam 
Wash.

Studies which were used for the geologic cor
relation and evaluation of the sample locations and as 
references for field reconnaissance are as follows:
Bryant (1955 and 1968), Gilluly (1956), Layton (1957), 
Weidner (1956), Graybeal (1962), Bryant and McClymonds 
(1961) and Stoyanow (1936) - the Paleozoic section; 
Stoyanow (1949), Schafroth (1965 and 1968), Moore (1960) 
and Hayes (1970) - the Cretaceous section; and Shride 
(1961 and 1967) - the Upper Precambrian section.

The gypsum samples which were collected for sul
fur isotope analyses were taken from evaporite deposits 
in the Safford Valley area, the southern Whetstone 
Mountains, the Chiricahua Mountains, St. David, Arizona 
and from gypsum deposits located south of Winkleman, 
Arizona. The gypsum deposits from the Epitaph Formation 
in the Whetstone Mountains are Lower Permian in age. All 
the other gypsum deposits are from the Tertiary and 
Quaternary systems.
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1.2 Total Sulfur Analysis of the Sedimentary Rocks 
The procedure for total sulfur analysis (method 

E30-47 of the American Society of Testing Materials) 
employed a LEGO DB-64 Titrating Sulfur Analyzer. The 
method requires a 0.1 to 1.0 gram representative sample 
of pulverized (less than 100 mesh) rock. The sample, in 
a porcelain crucible with an iron chip accelerator to aid 
in combustion, was placed in the combustion furnace and 
heated to approximately 1,650°C. During combustion of the 
sample, S02 was liberated and transferred to the titrating 
vessel via a stream of pure oxygen. The solution in the 
titrating vessel, which was prepared prior to sample 
combustion, consisted of starch, potassium iodide and 
dilute hydrochloric acid to which potassium iodate had 
been added to create free iodine (Equation 1). The starch 
is used as a free iodine indicator. The sulfur dioxide 
gas entering the titrating vessel reacts with the free 
iodine and takes it out of solution in the form of hydro
gen iodide (Equation 2). The indicator starch solution, 
which is blue in the presence of free iodine, begins to 
turn clear. The automatic titrator of the machine compen
sates for the reduction of free iodine by adding KI03.
This process continues until all of the S02 has reacted 
with the iodine and the initial starch indicator color is 
again present. Equations 1 and 2 are shown below:
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KI03 + SKI + 6HC1 -*■ 6KC1 + 312 + 3H20 (1)
S02 + I2 + 2H20 4- H2S04 + 2HI (2)

The amount of total sulfur in the rock samples 
was calibrated from the digital display of the machine by 
the use of sulfur standards and a calibration curve.
Each rock sample .was analyzed at least two times, and 
frequently three or more times to increase the accuracy 
of the results. The error in the final sulfur content of 
the samples, determined by replicate analyses, is approxi
mately ±5%.



CHAPTER 2

THE SULFUR DISTRIBUTION IN THE PRECAMBRIAN, PALEOZOIC AND 
MESOZOIC SEDIMENTARY ROCKS OF SOUTHEAST ARIZONA

Sulfur distribution patterns in the sedimentary 
rocks of southeast Arizona can be typified by two impor
tant criteria. The first defining characteristic is that 
they are generally low in total sulfur content. The 
average sulfur content of 230 rock samples of all non- 
evaporitic types in this study is 175 ppm, (i.e., lime
stones, shales, sandstones, siltstones and mudstones).
The average sulfur content of sedimentary rocks as deter
mined by Clarke (1924) with corrections by Mason (1952) is 
2,200 ppm. The average value of the rocks of the Russian 
platform is 8,200 ppm (Vinogradov and Ronov, 1956). Even 
though the average for the Arizona sedimentary section is 
lower than the above sulfur averages, the 175 ppm is not 
indicative of the section as a whole and it by no means 
reflects the actual abundances of sulfur throughout the 
section.

The other salient aspect of the sulfur distri
bution in the sedimentary rocks of southeast Arizona is 
the considerable variation in sulfur concentrations both 
laterally and vertically; even in similar lithologies 
within a single formation. For example, the Escabrosa

8
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Limestone is typically composed of various shades of gray 
limestones, and sulfur contents range from below 10 ppm 
to 240 ppm without any apparent correlations between sul
fur content and rock type or color. Conversely, the 
Colina Formation limestones are prime examples of small 
variability in lithologic sulfur distribution.

One of the major goals of this study is to eval
uate the actual distribution and abundance of sulfur in 
the southeast Arizona sedimentary section. This chapter 
explores the distribution of sulfur by time periods and 
formations from the Precambrian through the Mesozoic.

2.1 The Upper Precambrian
Four formations of Upper Precambrian age, the old

est rocks in this study, were sampled for sulfur analyses. 
The formations in ascending order are as follows: the
Pioneer Shale, the Dripping Spring Quartzite, the Mescal 
Limestone and the Troy Quartzite.

2.1.1 Pioneer Shale
The Pioneer Shale (Letter K, Figure 1) is at the 

base of the sampled section and it contains the oldest 
sedimentary rocks in southeast Arizona. The Scanlan 
Conglomerate Member forms the basal section of the Pioneer 
Shale, but was not sampled in this study. The Pioneer 
Shale samples include arkosic sandstones, siltstones.
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mudstones and shales, many of which are tuffaceous. A 
large number of the shales are actually tuffaceous mud
stones or siltstones (Shride, 1967). The average sulfur 
content of the entire formation, when corrected for litho
logic volumes, is approximately 1,200 ppm.

Rocks of the Pioneer Shale contain the highest 
sulfur contents of all rocks sampled in the section, 
excluding the evaporites. The average sulfur content of 
three shales is 2,710 ppm. This value is in close agree
ment with the average sulfur content in worldwide shales 
(Turekian and Wedepohl, 1961); Holser and Kaplan, 1966). 
The average value of sulfur in three Pioneer sandstone 
samples is 230 ppm, which is remarkably close to the sand
stone averages of the above authors.

An analysis of sample 6Pcpn (Appendix) indicates 
that 55% of the sulfur is in the form of light sulfates 
(i.e., anhydrite and gypsum) and that the remaining 45% 
can be accounted for by sulfides (i.e., pyrite). The 
total heavy minerals content (in sample 6Pcpn) is much 
less than 1% and the proportion of sulfur in the form of 
sulfite (S03) is approximately .37% and that of sulfide 
sulfur (S) is .12% of the total volume of the rocks.
These sulfur species appear to be detrital in origin and 
were not the result of secondary alteration.
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2.1.2 Dripping Spring Quartzite
The formation directly overlying the Pioneer 

formation is the Dripping Spring Quartzite. Both the 
upper and lower members of the formation were sampled 
near the Mescal Mountains along Arizona Highway 77 
(Letter K, Figure 1). This formation is mainly composed 
of arkosic sandstones and siltstones (Shride, 1967). Of 
a total of seven samples, four were sandstones taken from 
the lower Arkose Member, and one siltstone and two sand
stones were taken from the Upper Siltstone Member. The 
Barnes Conglomerate Member was not sampled.

The average value of sulfur for these sandstones 
is 133 ppm. The upper member sandstones have an average 
sulfur content of 75 ppm and the lower member sandstones 
average 133 ppm. The lower member is slightly enriched 
in sulfur with respect to the upper member. Only one 
siltstone sample was analyzed and it had a sulfur content 
of 50 ppm. The siltstones comprise about 25% of the total 
volume of the formation and the calculated average sulfur 
content for the whole Dripping Spring Quartzite is ap
proximately 100 ppm.

The Dripping Spring Quartzite is considerably 
depleted in sulfur with respect to the underlying Pioneer 
formation, but contains more sulfur than the overlying 
Mescal Limestone. Figure 2 compares the sulfur contents



Figure 2. The Sulfur Variation in the Upper Precambrian
Sedimentary Formations of Southeast Arizona. —  
The formations decrease in age from left to 
right on the horizontal axis. The formation 
abbreviations are as follows: P = Pioneer
Shale; D = Dripping Spring Quartzite; M =
Mescal Limestone; T = Troy Quartzite. Note the 
discontinuity on the vertical axis.
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Figure 2. The Sulfur Variation in the Upper Precambrian 
Sedimentary Formations of Southeast Arizona.
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of the Precambrian formations with respect to time and 
lithologic types. The sulfur contents of the Dripping 
Spring may be considerably higher than those represented 
here, though. According to Shride, (1967), the Dripping 
Spring Quartzite siltstones of the siItstone member con
tain abundant disseminated pyrite. The arkoses are also 
supposed to contain pyrite along styolitic fractures and 
joints. This pyrite was not encountered in sampling and 
is not included in the total volumetric results.

2.1.3 Mescal Limestone
The formation which directly overlies the Dripping 

Spring Quartzite is known as the Mescal Limestone (Letter 
K, Figure 1) and it mainly consists of dolomites, algal 
dolomites and interbeds of siltstones and cherty lime
stones . The samples in this study represent both the 
Algal Member and the Lower Member of the Mescal. The 
uppermost Argillite Member is absent in southeast Arizona 
with its southern limit being in the area of the Natanes 
Plateau (Shride, 1967). The Algal Member consists of a 
lower stromatolitic unit and an upper dolomitic unit 
where algal structures are absent. Lithologies are chief
ly dolomites and silicated limestones. Cherty dolomite 
comprises the main portion of the Lower Member, but many 
areas have been metamorphosed into calcitic limestone 
(Shride, 1967).
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In comparison, the Pioneer Shale is relatively 
enriched in sulfur whereas the Mescal Limestone is con
siderably depleted. The Mescal dolomites and algal dolo
mites have sulfur contents ranging from less than 10 ppm 
to 80 ppm. Anomalous values are present only in a dolo
mite breccia and in a sample taken from a cherty lime
stone bed (llpcm and 8Pcm, respectively). The mean value 
of sulfur for seven dolomites is 34 ppm. Calculations 
indicate the average value for the formation as a whole 
to be approximately 50 ppm. This is a significant de
pletion in sulfur with respect to the underlying Pioneer, 
which overall averages about 25 times more sulfur than 
the Mescal.

Biofacies of the Mescal Limestone show no cor
relations with distribution of sulfur. Samples that have 
been metamorphosed from dolomites to silicated limestones 
do not differ in sulfur content from un-metamorphosed. 
samples.

2.1.4 Troy Quartzite
The Troy Quartzite (Letter J, Figure 1), the 

uppermost of the younger Precambrian formations in south
east Arizona, can be divided into two members. The lower 
Chediski Sandstone Member contains friable to firmly ce
mented, poorly sorted sandstones. The upper member is 
mainly composed of well sorted quartzites, nearly free of
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feldspar (Shride, 1967). The basal arkose member was not 
sampled because it is only present in northwestern Gila 
County. Five sandstones and three quartzites were sam
pled for sulfur analyses.

The lower Chediski sandstones have an average 
sulfur content of 285 ppm. In contrast, upper member 
quartzites average 160 ppm. This difference is accounted 
for by the greater chemical purity of the quartzites ver
sus the sandstones. The average sulfur content for the 
entire formation present in southeast Arizona is approxi
mately 200 ppm.

2.2 Summary of Precambrian Sulfur Distribution
Figure 2 summarizes the stratigraphic sulfur dis

tribution in the Precambrian rocks of southeast Arizona. 
Most lithologies of the Pioneer Shale are enriched in sul
fur with respect to average Upper Precambrian rocks. The 
sulfur concentration reaches a minimum in the Mescal stro- 
matolitic sediments and the Dripping Spring Quartzite 
holds an intermediate position between the Mescal and the 
Pioneer formations. Both the Mescal and Dripping Spring 
are cleaner in composition and have lower sulfur contents 
than the Pioneer. The Troy Quartzite has an intermediate 
sulfur content between the Mescal and the Pioneer Shale.
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2.3 Paleozoic Era
The Paleozoic sedimentary rocks sampled in this 

study extend from the Middle Cambrian to the Lower Per
mian. Reported here are sulfur analyses from the follow
ing formations:

Bolsa Quartzite 
Abrigo Formation 
Martin Formation 
Escabrosa Limestone 
Black Prince Limestone 
Horquilla Limestone 
Naco Formation 
Earp Formation 
Colina Limestone 
Epitaph Formation 
Scherrer Formation 
Concha Limestone 
Rainvalley Formation

2.3.1 Bolsa Quartzite
The lowermost Paleozoic sedimentary formation is 

the Bolsa Quartzite (Letter H, Figure 1), which is Middle 
Cambrian in age. It consists of brown and reddish quartz
ites and sandstones (Bryant, 1968). The formation grades 
from a lower, mainly feldspathic section, to a higher, 
more quartzitic section.

The average sulfur content of four quartzitic rock 
samples is 133 ppm, and that of four feldspathic samples 
is 155 ppm. The sandstones vary from 20 ppm to 420 ppm. 
Overall, the sulfur content of the formation averages 
about 145 ppm. This value is close to that of the

Middle Cambrian 
Middle-Upper Cambrian 
Upper Devonian 
Lower Mississippian 
Pennsylvanian 
Pennsylvanian 
Pennsylvanian 
Pennsylvanian-Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian 
Lower Permian
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Precambrian Troy Quartzite which the Bolsa often over- 
lies unconformably.

2.3.2 Abrigo Formation
The Middle and Upper Cambrian Abrigo Formation 

(Letters H and I, Figure 1) contains interbedded lime
stones, shales, dolomites, sandstones and siltstones. 
Information extracted from this sampling seems to indi
cate a low sulfur content in many of the rocks. The 
average for three sandstones is only 30 ppm, and the 
calcareous sandy shale (ICa) has only 120 ppm sulfur. 
Lithological variation in the Abrigo in both vertical and 
lateral extent makes an overall sulfur average difficult 
to evaluate. The calculated mean value of sulfur for this 
formation is placed at 80 ppm.

2.3.3 Martin Formation
The Late Devonian system of southeast Arizona is 

represented by the Martin Formation (Letters D, I and L, 
Figure 1) which mainly consists of limestones, sandstones, 
shales and dolomites. Average sulfur contents for the 
different sampled lithologies are as follows: six lime
stones, 70 ppm; four sandstones, 183 ppm; and three 
calcareous shales, 80 ppm. The calculated average for the 
formation as a whole is 110 ppm, which makes it similar 
to the underlying Abrigo in sulfur distribution.
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2.3.4 Escabrosa Limestone
The Escabrosa Limestone is Early Mississippian 

in age and the dominant lithologic type is limestone 
(Letters D, H and I, Figure 1). All samples are lime
stones with the exception of 8Me and 15Me, which are a 
dolomite and a chert, respectively.

Sulfur contents of the 14 limestones sampled are 
generally very low, with an average of 56 ppm. A few of 
the limestone samples were coarse grained and exhibited 
a "rotton egg" odor upon striking with a hammer (4Me, 6Me, 
7Me). These fetid limestones did not show any significant 
increase in sulfur content and their sulfur values are 
equivalent to those of the non-fetid limestones.

It is important to note samples HMe and 12Me. 
Sample llMe was taken about 0.5 meters above a contact 
with a rhyodacite intrusion in the Whetstone Mountains 
and 12Me was taken approximately 0.5 meters below the 
Escabrosa/rhyodacite contact. Both samples exhibited 
alteration features, such as secondary silicate mineral 
formation and masking of primary bedding. The measured 
sulfur contents of these samples are 150 ppm and 160 ppm 
(llMe and 12Me, respectively). This is considerably 
higher than the average for unaltered Escabrosa limestones 
and is indicative of the thermal environment resulting 
from the intrusion. Sulfur may have been introduced by 
the sill into the host rock, or sulfur may have been
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transported from the area of effective thermal disturbance 
toward the intrusion, to be subsequently concentrated in 
the rocks in contact with the intrusion. In each case, 
the introduction of sulfur has caused the precipitation 
of sulfate or sulfide minerals, but only in extremely 
small quantities (i.e., less than 1 part of gypsum/1,000 
parts of limestone). The thermal effects of the magma do 
not appear to have been strong enough to have contributed 
to a large influx of sulfur.

2.3.5 Black Prince Limestone
The Black Prince Limestone of Pennsylvanian age 

(Nations, 1963), overlies the Escabrosa with outcrops 
occurring in the Gunnison Hills, Little Dragoon Mountains, 
Whetstone Mountains and Johnny Lyon Hills (Letter D,
Figure 1). The formation is similar to the underlying 
Escabrosa and consists mainly of light gray limestones, 
one shale and one sandstone.

The sulfur contents of the Black Prince limestones 
are slightly lower than those of the Escabrosa. The main 
characteristic of the Black Prince limestones is that they 
are all consistently low in sulfur, having a mean value 
of 30 ppm, and the basal shale member has 50 ppm. An 
average sulfur content of 40 ppm is calculated for the 
entire formation, which makes it the lowest in overall 
sulfur content for all of the Paleozoic.
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2.3.6 Horquilla Limestone
The Horquilla Limestone (Letters D and H, Figure 

1), the restricted Naco Limestone as used by Stoyanow 
(1936), is Pennsylvanian in age and the lithologic types 
chiefly include gray limestones and red and green mud
stones . The limestone samples indicate an average sulfur 
content of 106 ppm. Using values for shales of the strat- 
igraphically equivalent Naco Formation (no shales were 
sampled in the Horquilla) gives the Horquilla a calculated 
average sulfur content of about 100 ppm. This value is 
double that of the Black Prince Limestone, which indicates 
that the trend of declining sulfur content which origi
nated in the Devonian ended by Pennsylvanian times.

2.3.7 Naco Formation
The Naco Formation was sampled near the Gila 

River, north of Winkleman, Arizona (Figure 1). In this 
area the formation is equivalent to the Horquilla of 
southeast Arizona. Samples were taken to evaluate the 
distribution of sulfur in stratigraphically equivalent 
lithologies. The clastic free limestones and thin inter- 
bedded shales are almost lithologically identical to those 
of the Horquilla. Both shales and limestones were sam
pled.

Results indicate that the mean sulfur content of 
eight Naco limestones is 60 ppm higher than that of the
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limestones of the Horquilla. The sulfur value for the 
Naco limestones is 161 ppm and that of the shales is 75 
ppm. The difference in sulfur content between the Naco 
and Horquilla limestones is not great, however, it is 
possible to account for this difference by the increased 
amount of organic material in the Naco, which is more 
fossiliferous in this section than the Horquilla in its 
sampled locations.

2.3.8 Earp Formation
The Pennsylvanian-Permian Earp Formation (Letters 

D, F and G, Figure 1) consists of extremely varied litho
logic facies. The formation contains limestones, shales, 
sandstones and siltstones which vary considerably in both 
color and in texture.

The five limestones and one shale rank high in 
sulfur content with 238 ppm and 230 ppm, respectively.
The limestones are typically grayish red and gray in 
color, and they exhibit a considerable range in sulfur 
values (20 ppm to 500 ppm). Two sandstones and one silt- 
stone have similar sulfur contents, 125 ppm and 100 ppm, 
respectively. Overall, these limestones show a moderate 
increase in sulfur content over the Horquilla limestones.

The lithologic variability of the Earp Formation
is such that it may consist of 80% siltstone and 20% lime
stone in one location and in another location the facies
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may be entirely different (i.e., 75% limestone, 17% sand
stone, 8% shale and a total absence of siltstone). This 
diversification in rock types within the Earp makes it 
difficult to evaluate its total sulfur content. This 
value is placed at 190 ppm.

2.3.9 Colina Limestone
The Permian Colina Limestone (Letters, D, F and G, 

Figure 1) is chiefly dark gray and black throughout. It 
is uniform in lithology when compared to other Paleozoic 
formations. It also has a consistent sulfur distribution 
both vertically and laterally.

The mean value for ten limestone samples is 147 
ppm sulfur with a range from 90 ppm (4Pc) to 210 ppm 
(2Pc). Samples IPc through 5Pc were taken at the Colina/ 
Earp contact and the maximum distance between samples is 
eight kilometers. The largest variation in sulfur be
tween these samples is 120 ppm. The only samples which 
differ from the formation average of 150 ppm are the 
atypical lithologies, such as siltstones and dolomites. 
Sample U P c  is a laminated siltstone and contains 350 ppm, 
and 12Pc is a dolomitic limestone sampled one meter below 
the Epitaph/Colina contact which contains 10 ppm sulfur.
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2.3.10 Epitaph Formation
The Permian Epitaph Formation (Letter D, Figure 1) 

contains sulfur in the form of massive gypsum deposits 
which are interbedded with mudstones and limestones. The 
Epitaph is also dolomitic, and variable in lithology. 
Lithologic facies include dolomite, limestone, siltstone, 
sandstone, mudstone and gypsum.

Five dolomites average 112 ppm sulfur, two lime
stones 130 ppm, three siltstones 130 ppm, two sandstones 
175 ppm and one mudstone sample contains 1,090 ppm. The 
average sulfur content of all non-evaporitic rocks is 
approximately 130 ppm.

The Epitaph gypsum beds are moderately pure and 
are present in greatest abundance in the Whetstone Moun
tains . The average sulfur content of these beds is 
180,000 ppm. Because of the presence of gypsum in the 
section, the Epitaph contains more sulfur than any other 
Paleozoic formation. The sedimentary rocks other than 
the gypsums and mudstones do not have an increased sul
fur content in relation to the other Paleozoic formations. 
The majority of the sulfur is contained in the evaporitic 
phases, and when included in the Epitaph the average sul
fur content is 30,000 ppm.
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2.3.11 Scherrer Formation
The oldest of the three uppermost Permian forma

tions is the Scherrer Formation (Letters C, D and H,
Figure 1), which contains a high proportion of clastic 
material. The elastics are mainly white and reddish 
sandstones which sandwich an inner limestone sequence.

The sulfur content of the Scherrer drops off 
considerably from that of the underlying Earp, Colina and 
Epitaph Formations. The mean sulfur content of nine 
sandstones in the Scherrer is 66 ppm with the calcareous 
sandstones containing slightly more sulfur than the non- 
calcareous ones.

Sulfur in the five limestones averages 70 ppm and 
the total formation average calculated from lithologic 
volumes is approximately 70 ppm. The Scherrer Formation 
rocks contain the smallest concentration of sulfur of all 
of the Permian formations.

2.3.12 Concha Limestone
Cherty limestones are distinctive of the Concha 

Limestone (Letters A, C and D, Figure 1), which is of 
Leonardian and Guadalupian age. Lithologically, the 
Concha contains the least amount of elastics of any 
Paleozoic formation in southeast Arizona (Bryant, 1968). 
The samples include twelve limestones and one white chert.
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The average sulfur content of the limestones is 
131 ppm and all are consistent in sulfur distribution 
with relatively few anomalous values. The chert sample 
indicates a sulfur content approximately equal to that of 
the limestones. This formation contains more sulfur than 
the Scherrer. The total formation average is 130 ppm.

2.3.13 Rainvalley Formation
The final and the youngest formation of the 

Paleozoic section in southeastern Arizona is the Permian 
Rainvalley Formation (Letters A and C, Figure 1) which is 
of probable Guadalupian age (Bryant, 1968). It is com
posed of limestones, sandy limestones, dolomites and a 
few clastic beds. The Rainvalley Formation is not pre
sent in its entirety anywhere because the top of the 
formation is an erosion surface. Cretaceous beds or 
alluvium overlie it in many places.

Seven Rainvalley limestones have sulfur contents 
averaging 197 ppm. Three sandy limestones average 260 
ppm, four clean limestones average 150 ppm and three dolo 
mites have a mean sulfur content of 120 ppm. This forma
tion has a higher sulfur content than the underlying 
Concha. The entire formation's sulfur average is 175 
ppm, which is second only to the Earp (non-evaporites 
only).
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2.4 Summary of Paleozoic Sulfur Distribution 
In summary, Figures 3, 4, 5 and 6 depict the 

distribution of sulfur with time according to major rock 
type for the Paleozoic section. Limestones are repre
sented in the bar graph of Figure 3; sandstones are shown 
in Figure 4; dolomites are shown in Figure 5; and shales 
and siltstones are shown in Figure 6.

In general, sulfur contents in limestones are low 
in the early Paleozoic and they decrease in percentage 
from the Cambrian through the early Pennsylvanian. A 
rapid increase then ensues in the late Pennsylvanian and 
maximum sulfur contents occur in the Permian. The Per
mian limestone sulfur values fluctuate considerably, but 
are generally much higher than the values of the early to 
middle Paleozoic limestones.

The sandstones provide different trends than those 
of the limestones. Sandstones occur more sporadically in 
the section than the limestones and their sulfur contents 
fluctuate more rapidly. Peaks of concentration occur in 
the Middle Cambrian, Late Devonian and Early Permian.
Both lower and upper Paleozoic sandstones have average 
sulfur contents of approximately 130 ppm.

Dolomites in this section are less abundant than 
sandstones and they contain a small amount of sulfur in 
the early Paleozoic. In the Permian they have sulfur



Figure 3. The Sulfur Variation of Paleozoic Limestones 
in Southeast Arizona. —  The formations de
crease in age from left to right on the hori
zontal axis with the exception of the 
Horquilla Limestone-Naco Formation interval 
(these formations are time-equivalents). The 
formation abbreviations are as follows: BO =
Bolsa Quartzite; AB = Abrigo Formation; MN = 
Martin Formation; ES = Escabrosa Limestone;
BP = Black Prince Limestone; HQ = Horquilla 
Limestone; NC = Naco Formation; EA = Earp 
Formation; CL = Colina Limestone; EP = Epitaph 
Formation; SH = Scherrer Formation; CN =
Concha Limestone; RN = Rainvalley Formation.
No limestone samples were taken from the Bolsa.

.1
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FORMATIONS

Figure 3. The Sulfur Variation of Paleozoic Limestones in 
Southeast Arizona.



Figure 4. The Sulfur Variation of Paleozoic Sandstones 
in Southeast Arizona. —  The formations de
crease in age from left to right on the hori
zontal axis with the exception of the 
Horquilla Limestone-Naco Formation interval 
(these formations are time-equivalents). The 
formation abbreviations are as follows: BO =
Bolsa Quartzite; AB = Abrigo Formation; MN = 
Martin Formation; ES = Escabrosa Limestone;
BP = Black Prince Limestone; HQ = Horquilla 
Limestone; NC = Naco Formation; EA = Earp 
Formation; CL = Colina Limestone; EP = Epitaph 
Formation; SH = Scherrer Formation. No sand
stone samples were taken from the Escabrosa, 
Horquilla, Naco and Colina formations.



28

FORMATIONS

Figure 4. The Sulfur Variation of Paleozoic Sandstones in 
Southeast Arizona.



Figure 5. The Sulfur Variation of Paleozoic Dolomites in 
Southeast Arizona. —  The formations decrease 
in age from left to right on the horizontal 
axis with the exception of the Horquilla Lime- 
stone-Naco Formation interval (these formations 
are time-equivalents). The formation abbrevia
tions are as follows: BO = Bolsa Quartzite;
AB = Abrigo Formation; MN = Martin Formation;
ES = Escabrosa Limestone; BP = Black Prince 
Limestone; HQ = Horquilla Limestone; NC = Naco 
Formation; EA = Earp Formation; CL = Colina 
Limestone; EP = Epitaph Formation; SH =
Scherrer Formation; CN = Concha Limestone; RN = 
Rainvalley Formation. No dolomites were taken 
from the Bolsa, Martin, Black Prince, Horquilla, 
Naco, Earp and Concha formations
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• The Sulfur Variation of the Paleozoic Dolomites in Southeast Arizona.
Figure 5



Figure 6. The Sulfur Variation of Paleozoic Shales and 
Siltstones in Southeast Arizona. —  The forma 
tions decrease in age from left to right on 
the horizontal axis. The formation abbrevia
tions are as follows: AB = Abrigo Formation?
BP = Black Prince Limestone; NC = Naco Forma
tion; EA = Earp Formation ? CL = Colina Lime
stone; EP = Epitaph Formation; SH = Scherrer 
Formation.



30

350

S I L T S T O N E S  

FORMATIONS

Figure 6. The Sulfur Variation of Paleozoic Shales and 
Siltstones in Southeast Arizona.
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contents that are considerably increased over the earli
est dolomites. The latter part of the Early Permian is 
typified by a steady increase in the sulfur contents of 
the dolomites.

Shales and siltstones are generally minor compo
nents of most formations in the geologic column. The 
shales appear to follow the trend of the limestones in 
the lower Paleozoic; decreasing from the Cambrian to the 
Pennsylvanian and increasing from the Pennsylvanian to 
the Permian. Siltstones increase in sulfur content near 
the Permian-Pennsylvanian boundary and decrease rapidly 
in the lower part of the Early Permian.

2.5 Mesozoic Era
The Cretaceous rocks of southeast Arizona were 

deposited in a variety of sedimentary environments and 
the rocks are generally dissimilar to the underlying 
Paleozoic formations. Unlike the Paleozoic, the Creta
ceous system contains terrestrial deposits as well as 
marine deposits.

The following Mesozoic formations were sampled 
in this study and they are exclusively Lower Cretaceous in 
age:

Morita Formation
Mural Limestone (Lower and Upper Members)
Cintura Formation
Willow Canyon Formation
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Apache Canyon Formation
Shelleburg Canyon Formation
The Morita Formation, the Mural Limestone and the 

Cintura Formation together with the basal Glance Conglom
erate (not sampled) are collectively known as the Bisbee 
group. Outcrops of the Bisbee Group were sampled in the 
Mule Mountains, near Bisbee, Arizona (Figure 1). The 
remaining three formations, which include the Willow 
Canyon Formation, the Apache Canyon Formation and the 
Shelleburg Canyon Formation, were sampled in the Empire 
Mountains. These Cretaceous rocks of the Empire Moun
tains were extensively studied by Schafroth (1965).

2.5.1 Morita Formation
The Morita Formation of the Mule Mountains con

tains an alternating sequence of feldspathic sandstones 
that grade into siltstones and mudstones (Hayes, 1970). 
Siltstones are the dominant lithologic type.

The average sulfur contents for the various li
thologies are 285 ppm for four siltstones, 117 ppm for 
three sandstones and 40 ppm for one subordinate" limestone 
The calculated average for the entire formation is approx 
imately 200 ppm. Sample 4Km (a medium dark gray silt- 
stone) contains 820 ppm. The breakdown of sulfur facies 
in this sample is 50% sulfite and 50% sulfide and the 
volumetric percentage of S is .04 and that of S03 is .10.
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2.5.2 Mural Limestone
The Mural Limestone was divided-into two members 

by Stoyanow (1949). In the Mule Mountains, the Lower 
Member is composed of sandstones, siltstones and lime
stones and the Upper Member is almost completely gray 
limestones (Hayes, 1970).

Three sandstones of the Lower Member average 167 
ppm sulfur, and one sample each of a siltstone and a lime
stone contain 30 ppm and 140 ppm, respectively. The 
average for the total Lower Member is 130 ppm.

The Upper Member is enriched in sulfur with re
spect to the Lower Member. Seven limestone samples aver
aged 206 ppm and one subordinate sandstone contained 30 
ppm of sulfur. The calculated average for the total Upper 
Member is 205 ppm.

2.5.3 Cintura Formation
The Cintura Formation lithologies resemble those 

of the Morita Formation. Siltstones and mudstones are 
slightly predominant over sandstones in the Mule Moun
tains section.

The sandstones possess the highest sulfur contents, 
averaging 187 ppm. Averages for three siltstones and for 
one mudstone sample are 93 ppm and 10 ppm, respectively.
It is evident that in this formation the sandstones ac
commodate a higher proportion of sulfur than the
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finer-grained siltstones and mudstones. The entire for
mation average is 130 ppm.

2.5.4 Willow Canyon Formation
The lowermost of the Cretaceous Formations in the 

Empire Mountains is the Willow Canyon Formation, which is 
composed of a basal conglomerate and an upper member which 
contains alternating sandstones, siltstones and shales 
(Schafroth, 1968). Sixty percent of the formation is 
sandstone, twenty percent shale and twenty percent silt- 
stone. Three sandstones and three siltstones were ana
lyzed. The mean sulfur content of the sandstones is 130 
ppm, and that of the siltstones is 63 ppm. A calculated 
average for the entire formation is 115 ppm, but this 
average does not take into account the shales which were 
not sampled nor does it include the basal conglomerate.

2.5.5 Apache Canyon Formation
Directly overlying the Willow Canyon Formation is 

the Apache Canyon Formation, which contains dark gray 
laminated limestones, siltstones, shales and a few sand
stone beds (Schafroth, 1968). Also present are gypsum 
beds which are interbedded with limestones and shales 
about 260 meters above the base of the Apache Canyon For
mation (Schafroth, 1968). Unfortunately, gypsum samples 
could not be obtained for sulfur isotope analyses nor
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could the extent of the gypsum beds be verified in the 
field.

Overall, the samples of the Apache Canyon are 
relatively high in sulfur content. The average sulfur 
content of seven limestone samples is 453 ppm and this 
figure includes sample 8Ka (a laminated silty limestone) 
which contains 910 ppm. Separation of heavy and light 
minerals in sample 8Ka indicates that all of the sulfur 
is present in the sulfide facies. No anhydrite or gypsum 
are present in this sample.

The siltstones and sandstones of the Apache Canyon 
Formation are less prevalent than the limestones. The 
elastics contain much less sulfur than the limestones.
The sulfur content of one siltstone is 200 ppm and the 
sulfur content of one sandstone is 100 ppm. The calcu
lated mean sulfur content (including gypsum data) for the 
entire formation is approximately 4,000 ppm.

2.5.6 Shelleburg Canyon Formation
The final sampled formation in the Empire Moun

tains is the Shelleburg Canyon Formation. Quartzite and 
arkosic sandstones embody the majority of the formation 
and siltstones and shales comprise the remainder of the 
formation with a few limestone beds occurring at the base 
of the section (Schafroth, 1968).
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Eight samples for sulfur determinations include 
seven sandstones and one limestone. The average sulfur 
content of the sandstones is 161 ppm and that of the 
limestone is 260 ppm. A calculated average for the en
tire formation in this area is 165 ppm, but it is subject 
to revision to include sulfur contents of the shales and 
siltstones. The variation in sulfur content of the Cre
taceous formations is shown in Figure 7.

2.6 Environmental and Time Correlations 
With Sulfur Distribution in the Paleozoic Section

The evaluation of the Paleozoic sedimentary en
vironments is useful in the interpretation of the complex 
patterns of sulfur distribution across formational and 
time stratigraphic boundaries. A wide variety of deposi- 
tional environments are determined for the Paleozoic, and 
the variation in concentration of sulfur species is re
flected by the different environments. Four basic groups 
of sulfur concentrations are recognized. Each group con
tains about one-fourth of the formations sampled. These 
groups are as follows:
LOW SULFUR GROUP (L) LOW-MODERATE SULFUR GROUP (LM)
Abrigo Limestone 
Black Prince Limestone 
Escabrosa Limestone 
Scherrer Formation

Martin Formation 
Horquilla Limestone 
Concha Limestone



Figure 7. The Sulfur Variation in the Lower Cretaceous 
Formations of the Mule Mountains and Empire 
Mountains of Southeast Arizona. —  Age within 
each group of formations decreases from left 
to right on the horizontal axis. The forma
tion abbreviations are as follows: WC =
Willow Canyon Formation; AC = Apache Canyon 
Formation; SC = Shelleburg Canyon Formation; 
MO = Morita Formation; ML-X = Mural Limestone 
(Lower Member); ML-Y = Mural Limestone (Upper 
Member); Cl = Cintura Formation.
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Figure 7. The Sulfur Variation in the Lower Cretaceous 
Formations of the Mule Mountains and Empire 
Mountains of Southeast Arizona.
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HIGH-MODERATE SULFUR GROUP (HM) HIGH SULFUR GROUP (H)
Colina Limestone Earp Formation
Naco Formation Epitaph Formation
Bolsa Quartzite Rainvalley Formation
The groups are defined on the basis of calculated total
average sulfur contents for each formation. They are
divided according to the following values: Low Sulfur
Group, less than 100 ppm; Low-Moderate Sulfur Group, 100
to 135 ppm; High-Moderate Sulfur Group, 136 to 170 ppm;
and High Sulfur Group, greater than 170 ppm.

The comparison of the depositional environment 
(Table 1) of each formation with its mean sulfur content 
reveals a correlation between relatively higher sulfur 
contents, regressive and transgressive cycles, and 
strandline and lagoonal sedimentation. The High-Moderate 
and High Sulfur Groups contain formations which are gen
erally deposited during regressive and transgressive 
phases, in shallow marine environments and lagoonal to 
evaporating pan sedimentation. Lower sulfur contents are 
generally associated with deep water and shelf environ
ments in which carbonate rocks typically predominate over 
elastics, such as the Horquilla, Concha and Escabrosa 
Limestones. The Scherrer Formation (a high intertidal 
littoral environment) is an exception to this grouping.

Figure 8 illustrates the variation in sulfur con
tent of the formations and it delineates the trends of
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Table 1. The Depositional Environments of the Paleozoic 
__________Formations in Southeast Arizona.______________ _
Sulfur
Group Formations Depositional Environments

HM Bolsa Quartzite Shallow marine with sedi
ment source from a proxi
mal landmass

L Abrigo Formation Deeper water than Bolsa, 
carbonates replacing 
elastics

LM Martin Formation Shelf sedimentation
L Escabrosa Limestone Moderately deep water 

sedimentation
L Black Prince 

Limestone Deep water sedimentation
LM Horquilla Limestone Deep water carbonate depo

sition
HM Naco Formation Deep water carbonate depo

sition
H Earp Formation Regression of seas and in

creased continental ero
sion

HM Colina Limestone Subtidal to intertidal en
vironment

H Epitaph Formation Shallow lagoonal to evapo
rating pan sedimentation

L Scherrer Formation High intertidal littoral 
environment

LM Concha Limestone Deep water sedimentary en
vironment

HM Rainvalley Formation Final regression of the
seas



Figure 8. The Average Sulfur Content of the Paleozoic Formations in Southeast 
Arizona. —  The formations decrease in age from left to right on the 
horizontal axis. The Horquilla Limestone and the Naco Formation are 
shown as one value. The formation abbreviations are as follows: BO =
Bolsa Quartzite; AB = Abrigo Formation; MN = Martin Formation; ES = 
Escabrosa Limestone; BP = Black Prince Limestone; HQ = Horquilla Lime
stone; NC = Naco Formation; EA = Earp Formation; CL = Colina Limestone; 
EP = Epitaph Formation; SH = Scherrer Formation; CN = Concha Limestone; 
RN = Rainvalley Formation. Note the discontinuity on the vertical axis.
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Figure 8. The Average Sulfur Content of the Paleozoic Formations in Southeast 
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sulfur distribution with geologic time in the sedimentary 
section of southeast Arizona. The earliest Paleozoic 
rocks of this section contain relatively moderate levels 
of sulfur. A steady decrease in sulfur occurs from 
Middle to Late Cambrian times. A long hiatus is present 
between the Cambrian and the overlaying Upper Devonian 
rocks. Devonian sediments have a higher sulfur content 
than the Upper Cambrian lithologies. Mississippian and 
early Pennsylvanian rocks have a significantly lower con
tent. Greater sulfur concentrations are indicative of 
the middle to upper Pennsylvanian and Lower Permian rocks, 
which is mainly the result of the presence of evaporites 
contained in the Permian section.

The trends of sulfur distribution in the Paleozoic 
section of southeast Arizona are correlative with trends 
of sulfur concentration in the sedimentary rocks of the 
Russian platform (Vinogradov and Ronov, 1956). Figure 9 
shows the total distribution of sulfur (weight percent) in 
the Russian platform rocks from the Cambrian through the 
Permian ages. Both geologic sections exhibit sulfur in
creases in the Devonian and a steady reduction of sulfur 
in the Mississippian and lower Pennsylvanian systems 
(Lower and Middle Carboniferous) (Vinogradov and Ronov, 
1956). Both curves display an increase of sulfur from 
the middle to late Pennsylvanian (Late Carboniferous) and



Figure 9. The Average Sulfur Content of the Paleozoic Sedimentary Rocks of the 
Russian Platform (after Vinogradov and Ronov, 1956). —  The abbrevia
tions for time systems are as follows: C = Cambrian; 0 = Ordovician;
S = Silurian; D = Devonian; CA = Carboniferous; PE = Permian. Note 
the discontinuity on the vertical axis.
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Figure 9. The Average Sulfur Content of the Paleozoic Sedimentary Rocks of the 
Russian Platform (after Vinogradov and Ronov, 1956).
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a maximum of sulfur concentration occurs in the Permian.
If an average sulfur content is compiled for the six for
mations representing the Lower Permian of southeast 
Arizona (Figure 8) a value of approximately 5,000 ppm is 
derived. This value represents a sulfur peak for the en
tire Early Permian and it correlates well with the sulfur 
peak in the Early Permian of the Russian platform (Figure 
9) .

Figure 10 shows a plot of the sulfur distribution 
of the Arizona Paleozoic section with time. This figure 
displays a greater parallelism to the trend of Figure 9 
than does the graph of Figure 8. The gap in sedimentation 
from the Late Cambrian to the Late Devonian is illustrated 
by the dashed line in Figure 10.

The concentration of sulfur versus time in the 
Paleozoic carbonate rocks (limestones and dolomites) of 
southeast Arizona and the Russian platform is shown in 
Figures 11 and 12, respectively. Both graphs again ex
hibit similar trends, especially from the Cambrian through 
the late Pennsylvanian. The Permian trends appear to be 
reversed, but in actuality are similar when it is realized 
that the data of Vinogradov and Ronov (1956) includes only 
one Lower Permian datum. This study contains six data 
points from the Lower Permian which, when averaged to
gether, produce a mean carbonate sulfur content of



Figure 10. The Average Sulfur Content of the Paleozoic Sedimentary Rocks of South
east Arizona. —  The abbreviations for time systems are as follows:
C = Cambrian; 0 = Ordovician; S = Silurian; D = Devonian; M = Mississip- 
pian; PN = Pennsylvanian; PE = Permian. The dashed line represents the 
hiatus between the Cambrian and Upper Devonian sedimentation. Note the 
discontinuity on the vertical axis.



Figure 10. The Average Sulfur Content of the Paleozoic Sedimentary Rocks of 
Southeast Arizona.



Figure 11. The Average Sulfur Content of the Paleozoic Carbonates (Limestones and 
Dolomites) of Southeast Arizona. —  The formations decrease in age from 
left to right on the horizontal axis. The formation abbreviations are 
as follows: BO = Bolsa Quartzite; AB = Abrigo Formation; MN = Martin
Formation; ES = Escabrosa Limestone; BP = Black Prince Limestone; HQ = 
Horquilla Limestone; NC = Naco Formation; EA = Earp Formation; CL = 
Colina Limestone; EP = Epitaph Formation; SH = Scherrer Formation; CN = 
Concha Limestone; RN = Rainvalley Formation. The Horquilla Limestone 
and the Naco Formation are shown as one value.
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Figure 11. The Average Sulfur Content of the Paleozoic Carbonates (Limestones and 
Dolomites) of Southeast Arizona.
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Figure 12. The Average Sulfur Content of the Paleozoic Carbonates (Limestones and 
Dolomites) of the Russian Platform (after Vinogradov and Ronov, 1956). 
The abbreviations for time systems are as follows: C = Cambrian; 0 =
Ordovician; S = Silurian; D = Devonian; CA = Carboniferous; PE = Per
mian. Note the discontinuity on the vertical axis.
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Figure 12. The Average Sulfur Content of the Paleozoic Carbonates (Limestones and 
Dolomites) of the Russian Platform (after Vinogradov and Ronov, 1956).
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approximately 150 ppm. This value is slightly higher 
than that of the underlying Pennsylvanian rocks and is 
thus correlative with the Russian Lower Permian trend.

The similarities between sulfur concentration 
trends in both Arizona and Russian rocks suggests a uni
formity of sedimentary processes for Arizona and the 
Russian platform throughout the Paleozoic. Significant 
local variations are evident, but the overall parallelism 
in the sulfur distribution patterns implies that the 
evolution of sulfur within the rocks of both Arizona and 
Russian sections was analogous.

2.7 Environmental Correlations in the Mesozoic Era
Environmental conditions prevalent in the Creta

ceous Era may be correlated with sulfur distribution pat
terns, but not as distinctly as in the Paleozoic section. 
The Cretaceous depositional environments are briefly de
scribed below.

According to Schafroth (1968), the Morita Forma
tion is transitional between the non-marine to marine 
environments. Hayes (1970) states that the Morita deposi
tion was on a slowly subsiding delta plain which was often 
flooded by brackish waters. The Mural Formation is exclu
sively marine, with the Lower Member representing pulsat
ing advances of the seas. Shelf carbonate deposition was 
responsible for the formation of the Upper Member (Hayes,
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1970). The Cintura Formation is similar lithologically 
to the Morita Formation, but was formed during a re
gressing sea rather than a transgressing sea, as in the 
Morita.

The Cretaceous rocks of the Empire Mountains 
chiefly represent non-marine sedimentation. Non-marine 
elastics are indicative of the Willow Canyon Formation, 
with a small amount of lagoonal sedimentation being re
sponsible for deposition at the top of the Canyon rocks 
(Schafroth, 1968). Apache Canyon sediments were deposited 
under lagoonal conditions (Tyrell, 1957 and Schafroth,
1965) and lithologic variations may have been the result 
of small rapid changes in sea level. Gypsum beds were 
deposited during regression of the seas and drying stages. 
(Schafroth, 1965). The Shelleburg Canyon Formation may 
have been formed under marine conditions, but the majority 
of it appears to be non-marine, with short incursions of 
the sea (Schafroth, 1965). The Turney Ranch Formation 
(not sampled) represents the final retreat of the sea.

Comparison of the above mentioned environmental 
conditions with the mean sulfur contents of each formation 
indicates that the marine formations are slightly enriched 
in sulfur with respect to the non-marine formations. Cor
relations of transgressive and regressive cycles of the 
seas with sulfur distribution are not as readily evident
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as those in the Paleozoic section. The Morita Formation 
displays higher sulfur contents and was formed in a trans
gressive cycle, but the Cintura Formation is depleted in 
sulfur with respect to the Morita and it was deposited 
during a regression of the seas. In the Morita, the 
siltstones are the dominant sulfur-bearing phase and in 
the Cintura the sandstones are dominant over the silt- 
stones. The inclusion of only two non-marine Cretaceous 
formations in this study precludes the correlation of sul
fur with the terrestrial sedimentary environments.

The depositional environment of the Apache Canyon 
Formation is comparable to the depositional environment of 
the Permian Epitaph Formation. The sulfur phases of these 
rocks are more evenly distributed than those of the Epi
taph. Not only does a large proportion of sulfur occur in 
the Apache Canyon gypsum deposits, but a large proportion 
of sulfur is present in the limestones. The Epitaph, on 
the other hand, has the majority of its sulfur occurring 
in the evaporite phases. Considerably less gypsum was 
formed during the Cretaceous than during the Permian, and 
it is probable that reduction and dispersal of the sedi
ments resulted in a more even distribution of sulfur in
the Mesozoic rocks.
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2.8 Variations in Lithologic Sulfur Distribution
In the Paleozoic, the sulfur concentration is 

associated with organic matter content. The average sul
fur content of pure limestones (minimal dolomite and 
clastic components) generally increases with increasing 
organic content of the rock. The mean value for organic- 
rich limestones from Arizona is 230 ppm. Of course, there 
are exceptions to this general pattern. For example, some 
organic-poor limestones (i.e., samples IMe, 13Me and 3Pn) 
contain sulfur contents of over 240 ppm, which is com
parable to that of many organic-rich samples. And con
versely, some organic-rich limestones are considerably 
depleted in sulfur (i.e. , sample 6Pn).

Of more significance than the correlations between 
sulfur content and the organic content of limestones in 
the Paleozoic is that impure limestones (those that con
tain silty or sandy components) have a mean sulfur value 
higher than pure limestones. The average for impure lime
stones is 210 ppm, and the average for pure limestones is 
110 ppm. Mixed clastic-carbonate rocks usually indicate 
near-shore, or strandline sedimentation, or the input of 
sand or silt in a shelf or deep water environment. The 
clastic limestones could indicate a system in which ma
rine biota were more abundant than in pure limestones, or 
the input of sands and silt may have resulted in a higher
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Table 2. Average Sulfur Contents of Significant Lithol
ogies in Southeast Arizona According to Major 

__________Time Divisions (Non-Evaporitic Rocks Only).
Lithology_________________ Sulfur Content (ppm)

Precambrian Paleozoic Mesozoic
Sandstones 200 110 150
Siltstones 80 160 150
Shales and 
Mudstones 2,200 100 I.D.*
Limestones —  — 120 290
Quartzites 160 140 —

Dolomites 50 90 —  —

*I.D. Insufficient Data
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mortality rate for existing organisms. Regardless of the 
origin of the sulfur in the limestones, the probability 
of finding sulfur in "mixed limestones" is much higher 
than in pure limestones.

The Mesozoic limestones exhibit the same ratios 
between pure limestones and limestones with clastic com
ponents , as those of the Paleozoic. In the Paleozoic 
that ratio is 2.0 to 1.0 and in the Mesozoic the ratio is
2.1 to 1.0 (impure limestones, 390 ppm and pure lime
stones, 190 ppm sulfur).

In general. Paleozoic and Mesozoic calcareous 
siltstones and sandstones, and silty and sandy limestones 
appear more frequently in sediments deposited in near
shore environments or during a transgressive or regressive 
cycle. The lagoonal Apache Canyon and Epitaph formations 
also contain a high proportion of "mixed-member" rocks.

Average sulfur contents of individual lithologies 
also vary considerably with each major time division. In 
Table 2, the mean sulfur contents are compared with the 
different lithologies within the Precambrian, Paleozoic 
and Mesozoic time periods. Sulfur is chiefly concen
trated in the Precambrian shales and mudstones, in the 
Mesozoic limestones and in the Paleozoic siltstones. The 
proportion of average sulfur contents for the Precambrian, 
Paleozoic and Mesozoic periods, respectively, is 3.9 to
1.2 to 2.0 (non-evaporitic rocks only).



CHAPTER 3

THE EVAPORITE ENVIRONMENT

As discussed in Chapter 2, in southeast Arizona, 
the evaporite deposits represent the greatest sources of 
sedimentary sulfur. These large sources of sulfur in
clude the Lower Permian Epitaph Formation and to a lesser 
extent, the Lower Cretaceous Apache Canyon Formation.
The Upper Precambrian Pioneer Shale also contains a sig
nificant amount of sulfur, but it averages about four 
times less sulfur than the Apache Canyon Formation and 
twenty-five times less sulfur than the Epitaph Formation.

3.1 Epitaph and Apache Canyon Evaporites
The evaporite deposits, because of their high sul

fur contents, are the most important of the possible sedi
mentary sulfur sources for pluton induced sulfide mineral
ization in southeast Arizona. Gypsum is the dominant 
evaporite in the Epitaph deposits, and constitutes approx
imately 93% of the total sulfate in the sediments with the 
remaining 7% being in the form of anhydrite (Graybeal, 
1962). The Gypsum beds of the Apache Canyon Formation 
have not been studied in as great detail as those in the 
Epitaph Formation, but field observations of the Apache
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Canyon sediments indicate that the gypsum deposits most 
likely contain more impurities than the Epitaph deposits. 
In general, the Epitaph lithologies are inherently cleaner 
and more continuous than are the lithologies of the Apache 
Canyon Formation.

3.2 Evaporite Solubility and Deposition
The solubility of the evaporites is a key factor 

in their potential as sulfur sources for porphyry copper 
sulfide mineralization. Both gypsum and anhydrite are 
moderately soluble minerals and they have a much greater 
solubility than barite and celestite. An increase in 
temperature decreases the solubility of the calcium sul
fates and the maximum solubility of gypsum occurs at 
approximately 30°C. This low temperature of maximum 
solubility indicates that even low temperature solutions 
circulated during the initial stages of igneous intrusion 
could result in considerable mobilization of sulfate ions.

Current geologic thought on calcium sulfate depo
sition concludes that gypsum is the original mineral 
formed during the precipitation of evaporites from a 
standing body of water or within the vadose zone of tidal 
flats of desert playas. The subsequent burial of the 
original gypsum results in a transformation to anhydrite 
at a depth of approximately 600 meters (Blatt, Middleton 
and Murray, 1972), depending largely upon the temperature,
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salinity, hydrostatic pressure and activity of water of 
the solution. A loss of 38% of the original gypsum volume 
occurs during the transition to anhydrite. Upon continued 
compaction, the anhydrite is compressed until no measur
able porosity remains. When erosion of the sediments 
occurs, the overlying strata are removed and the anhy
drite is brought closer to the surface. During this time, 
anhydrite is altered to gypsum, though some of it may sur
face without such reversion. The degree to which anhy
drite reverts to gypsum depends largely on the accessi
bility of ground water into the anhydrite zone during the 
removal of overburden. It is apparent that magmas which 
have intruded into the sedimentary section will generally 
have anhydrite as a sulfur source at depths below 600 
meters and gypsum as the major source above this depth.

3.2.1 Epitaph Evaporites in the
Whetstone and Empire Mountains
The Whetstone Mountains contain extensive deposits 

of Epitaph gypsum which on the average are overlain by 300 
meters of sediments. In the Empire Mountains the Epitaph 
deposits are buried to a depth of as much as 5,100 meters 
(Schafroth, 1968 and Bryant, 1955). This depth corre
sponds to a temperature of approximately 170°C using a 
geothermal gradient of 30°C/km (Lewis and Rose, 1970) and 
an initial sediment-water interface temperature of 20°C
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(Lewis and Rose, 1970 and Hecht, 1973). Pressures at this 
depth are approximately 1,200 bars.

3.3 Sediment Compaction
An analysis of the depositional environments of 

the evaporite deposits is essential to understanding the 
role of the evaporites during the emplacement of plutons 
within the sedimentary section. The temperature and pore- 
fluid pressures encountered during the burial of the sedi
ments can be modeled using energy transport and gravita
tional compaction theories (Sharp and Domenico, 1976 and 
Sharp, 1978) and the stability fields of the sulfates, 
sulfides and oxides can be represented by fugacity and 
activity diagrams.

A representative section in the Empire Mountains 
was used for the study of temperature and pressure anal
yses because this area contains a thick sequence of sedi
ments deposited continuously at a high sedimentation rate 
from the Lower Cretaceous through the Upper Cretaceous.

Following the deposition of the Epitaph evaporites 
in the Empire Mountains area, the overlying Permian sedi
ments were deposited at an estimated sedimentation rate 
of 4.5 x 10-5 m/yr for 13 million years. According to 
Skempton (1970), this rate is sufficient to develop only 
slight excess pressures. Fluid pressures would also be 
increased by the conversion of gypsum to anhydrite. By
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the end of the Permian, the Epitaph evaporites were only 
about 600 meters below the surface. This would correspond 
to a temperature of 40°C. The small excess pressures that 
were created during the Permian would have decreased rap
idly at the end of the Permian when sedimentation ceased 
(Chapman, 1972).

After the long Permian-Jurassic hiatus, the re
initiation of sedimentation in the Cretaceous compacted 
the Epitaph evaporites into an impermeable anhydrite zone 
which functioned as a lower boundary at which the gradient 
of the excess head (excess head is pressure divided by 
fluid density) is equal to zero (Sharp and Domenico,
(1976).

The sedimentation rate during the Cretaceous was 
much higher than during the Paleozoic; approximately 
1.5 x 10-*4 m/yr for 29 million years. The rate is esti
mated at 1.6 x 10~4 m/yr for the first 14 million years 
and 1.5 x 10-4 m/yr for the next five million years. The 
rate decreased to 1.2 x 10**4 m/yr for the ensuing three 
million year and increased about 1.6 x 10~4 m/yr for the 
remaining eight million years of Upper Cretaceous depo
sition. The high rates of sedimentation and the accumu
lation of a large thickness of sediments created signifi
cant geopressures according to the models of Sharp and 
Domenico (1976) and Sharp (1978).
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The sedimentary section of southeast Arizona is 
poorly understood in terms of the hydraulic and thermal 
parameters necessary to determine temperature and pres
sure changes during sediment accumulation, but estimates 
of the parameters can be made using the data of Sharp 
(1976) and Sharp and Domenico (1976). These values in
clude a geothermal gradient of 30°C/km (Lewis and Rose, 
1970), an initial sediment porosity of 0.50 (Hamilton, 
1959), an initial fluid density of 1.004 x 103 kg/m3 
(Weast, 1968), a sediment density of 2.3 x 103 kg/m3 
(Bredehoeft and Hanshaw, 1968), a specific storage of 
1.34 x 10~2 m/yr (Sharp, 1978) and a sediment water inter
face temperature of 20°C (Lewis and Rose, 1970 and Hecht, 
1973). Other essential values are specified by Sharp and 
Domenico (1976).

3.4 Estimated Temperature and Pressure 
Figure 13 estimates the variation in excess head 

during 29 million years of Cretaceous sedimentation which 
is used for the determination of pressures with depth.
At this time the Apache Canyon gypsum deposits were be
neath 2,600 meters of overburden which corresponds to a 
pressure of approximately 450 bars and a temperature of 
approximately 100°C. This temperature does not vary sig
nificantly from the geothermal gradient temperature for 
this depth. This maximum temperature of 100°C and the
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Figure 13. Estimation of Excess Head During 29 Million 
Years of Cretaceous Deposition in the Empire 
Mountains Area. —  Thermal and hydraulic 
parameters from Sharp and Domenico (1976) 
and Sharp (1978).
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maximum pressure of 450 bars are used for the analysis of 
the sulfate-sulfide-oxide stability fields using the 
thermodynamic data from the SUPCRIT program (Helgeson and 
Kirkham, 1974 and Helgeson et al., 1978). Table 3 contains 
the equations which were used for the computation of the 
stability fields.

3.5 Activity and Fugacity Diagrams
The activity and fugacity diagrams that follow 

(Figures 14-17) describe the phase relations between anhy
drite and the basic oxides and sulfides of iron. Figure 
14 shows the stability fields of anhydrite, hematite, 
pyrite, magnetite and pyrrhotite at a depth of 2,600 
meters, and unit activity of H20 (liquid). The equilibria 
boundaries are represented in terms of the activity of 
Fe++ and the fugacity of H2S (gas) at 100°C and 450 bars. 
In general. Figure 14 shows that an increase in the fuga
city of H2S results in the retention of the pyrite- 
anhydrite equilibrium boundary at increasingly lower 
concentrations of Fe++.

Figure 15 shows the stability fields in terms of 
oxygen and sulfur fugacities. The dashed lines A through 
D represent the anhydrite phase boundary for various Fe/Ca 
ratios. As this ratio decreases, the anhydrite boundary 
shifts toward lower log f02 values. The dashed line 
(labeled E) approximates the anhydrite-pyrite and



Table 3. Equilibrium Constants Used in the Phase Diagrams of Figures 14-17. Com
putations Made Using SUPCRIT Program of Helgeson and Kirkham (1974) and 
Helgeson et al. (1978).

Log k(T = 100°C;
Reactions________________________________________________  _____F = 450 bars)
Hydrolysis Reactions
pyrite + water + 1.5H+ = Fe2+ + 1.75H2S + .25SO^~
hematite + 3.5H+ + .25H2S = 2Fe2+ + .25S0* 2- 3 + 2 water
magnetite + 5.5H+ + .25H2S = 3Fe2+ + .25S02- + 3 water
pyrrhotite + 2H+ = Fe2+ + H2S
anhydrite = Ca2+ + SO2-

Log fS% vs. Log f02
hematite + 2S2 = 2 pyrite + 1.502 -38.7596
3 pyrite + 202 = magnetite + 3S2 44.3921
pyrrhotite + .5S2 = pyrite 12.5518
2 magnetite + .502 = 3 hematite 27.4947
3 pyrrhotite + 202 = magnetite + 1.5S2 82.0474
2 anhydrite + 2Fe2+ = hematite + 2Ca2+ + S2 + 2.502 -135.5101
3 anhydrite + 3Fe2+ = magnetite + 3Ca2+ + 1.5S2 + 402

-9.0277
6.3270

11.6410
1.9144

-4.9980

-217.0125 CT>H



Table 3. Continued.
Log k(T = 100°C;

Reactions_____________________________________________________________ P = 450 bars)
anhydrite + Fe2+ + .5S2 = pyrite + Ca2+ + 20z -87.1348

Log (aFe2+/aCa2+) vs. Log fHzS (gas)
hematite + H2S = .5 pyrite + .5 magnetite + water
magnetite + 4H2S = pyrite + 2 pyrrhotite + 4 water
anhydrite + 3 hematite + Fe2+ + 13H2S = 7 pyrite + Ca2+ + 13 water
2 anhydrite + 3 magnetite + 2Fe2+ + 20H2S =

11 pyrite + 2Ca2+ + 20 water

5.0203
16.8399
77.1769

124.2319

Log fOz vs. Log (aFe2"*"/aCa2+)
3 pyrite + 6 water = magnetite + 6H2S + 02 
hematite + 4H2S + .502 = 2 pyrite + 4 water
3 hematite = 2 magnetite + .502
3 anhydrite + 3Fe2+ + 3 water = magnetite + 3Ca2+ + 3H2S + 5.502 
anhydrite + Fe2+ + H2S = pyrite + Ca2+ + 1.502 + water
2 anhydrite + 2Fe2+ + 2 water = hematite + 2Ca2+ + 2HzS + 3.502

-85.1113
47.5759

-27.4947
-281.7641
-65.5510

-178.6779 <7>to
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Figure 14. Theoretical Activity-Fugacity Diagram Repre
senting the Stability Fields of Anhydrite, 
Hematite, Pyrite, Magnetite and Pyrrhotite at 
100°C and 450 Bars. —  Activity of H20 (liquid) 
= 1. The log (aCa2+/a2H+) is constant over the 
entire diagram. Thermodynamic data from 
Helgeson and Kirkham (1974) and Helgeson et al. 
(1978).



Figure 15. Theoretical Oxygen and Sulfur Fugacity Diagram Representing the Stabili
ty Fields of Pyrrhotite, Magnetite, Pyrite, Hematite and Anhydrite. 
Temperature = 100°C, pressure = 450 bars and activity of H20 (liquid) = 
1. Anhydrite boundaries are represented by dashed lines labeled A-E. 
Letters A-D show various values of log (aFe++/aCa++): A = -2; B = -1;
C = 0; D = 1. Letter E represents the Fe/Ca ratio of normal ocean 
water. Thermodynamic data for this diagram from Helgeson and Kirkham 
(1974) and Helgeson et al. (1978).
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Figure 15. Theoretical Oxygen and Sulfur Fugacity Diagram Representing the 
Stability Fields of Pyrrhotite, Magnetite, Pyrite, Hematite and 
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anhydrite-hematite boundaries for the Fe/Ca ratio of ocean 
water. Calculations show that evaporite brines would 
generally plot left of line E in Figure 15. Pyrite is 
more stable at higher sulfur fugacities than the oxides, 
and hematite and magnetite are generally more stable at 
lower sulfur fugacities and higher oxygen fugacities.

The use of H2S (gas) as an independent variable 
versus the ratio of the activities of Fe2+/Ca2+ is shown 
in Figure 16. This is done to overcome the strong depend
ence of many of the phase boundaries of of Figure 14 upon 
log fH2S (gas). In Figure 16, the ratio of Fe/Ca is a 
dependent variable independent of pH (Brimhall, 1980).
The reactions shown in Figure 16 represent the triple 
points of Figure 14. These reactions were evaluated by 
simultaneously balancing the hydrolysis reactions of 
Table 3 on SO2"*" and H+ to eliminate those terms (Brimhall, 
1980) . Figure 16 shows that the oxide and sulfide equi
librium assemblages occur at relatively high log fH2S 
(gas) values and Fe2+/Ca2+ ratios. The anhydrite-pyrite- 
hematite assemblage is stable at lower log fH2S (gas) 
values.

Figure 17 illustrates the mineral stability fields 
in terms of the log f02 and the log activity Fe2+/Ca2+ at 
a fixed H2S fugacity of -6. Anhydrite occurs at relative
ly high oxygen fugacities and lower Fe/Ca ratios.
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Figure 16. Theoretical Activity-Fugacity Diagram Repre
senting the Triple Points of Figure 14. —  
Temperature = 100°C, pressure = 450 bars and 
activity of H20 (liquid) = 1. Thermodynamic 
data from Helgeson and Kirkham (1974) and 
Helgeson et al. (1978).
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Figure 17. Theoretical Activity-Fugacity Diagram at 100°C, 
450 Bars and Constant Log fH2S (Gas). —  Log 
fH2S (gas) = -6. Thermodynamic data from 
Helgeson and Kirkham (1974) and Helgeson et al. 
(1978) .
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Magnetite, hematite and pyrite dominate at low oxygen 
fugacities and at high iron concentrations as is ex
pected.



CHAPTER 4

SULFUR DISTRIBUTION AND PORPHYRY COPPER DEPOSITS

The porphyry copper deposits of southeast Arizona 
are characterized by low grade sulfide mineralization that 
is related to small porphyritic plutons, generally one to 
two kilometers in diameter. Fluid circulation, a result 
of the intrusion of the pluton within the host rocks, is 
responsible for the redistribution of components within 
the hydrothermal system. The fluid flow region of such a 
pluton extends approximately four kilometers laterally and 
five kilometers vertically away from the pluton (Norton, 
1979).

4.1 Sedimentary Sulfur and 
Porphyry Copper Mineralization

The sources of certain components in the porphyry 
ore deposits, such as iron, can be accounted for by trans
port from host rocks, but the source regions of sulfur are 
not clearly defined. Norton (1979) states that sulfur for 
mineralization may be derived from marine carbonate and 
clastic rocks or from evaporites in the Paleozoic and 
Mesozoic sedimentary section. This study includes such 
sedimentary sources as the Cretaceous terrestrial deposits 
and the Upper Precambrian Apache Group sediments. Both
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sulfate and sulfide minerals within the sedimentary 
strata are possible sulfur sources for porphyry copper 
mineralization.

A hypothetical pluton with a radius of one kilo
meter is used by Norton (1979) to compute the amount of 
leaching of sulfur from the host rocks which is needed for 
the subsequent deposition in the porphyry system as sul
fide minerals. The concentration factor (the ratio of the 
rock mass in the source region to the rock mass in the ore 
deposit) is used to evaluate the source region potential. 
The concentration factor of any component from the source 
region deposited in the ore zone is approximately 300 to 
1. The volume of sulfides in the rocks extending beyond 
the ore zone is about six times larger than the ore zone 
(Norton, 1979), so the concentration of sulfur for these 
rocks is approximately 50 to 1. Deposition of 2% pyrite 
in the outer shell and 5% sulfides in the ore zone would 
require leaching of 570 ppm of sulfur from the sedimentary 
host rocks. The concentration of sulfur which is neces
sary for the above porphyry model would only be supplied 
by three formations in the southeast Arizona sedimentary 
column. These are the Pioneer Shale, the Apache Canyon 
Formation and the Epitaph Formation. The sulfide percent
ages of this ore model are typical of many porphyry sys
tems in southeast Arizona. The sulfur in the sedimentary
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source regions is variable because the ore deposits are 
present in a variety of sedimentary sections which are 
not continuous throughout all of southeast Arizona 
(Titley, 1972).

4.2 Porphyry Copper Deposits in the 
Southeast Arizona Sedimentary Section

An analysis of a few of the porphyry systems will 
be used to correlate the various proximal sulfur-bearing 
strata. The Warren mining district near Bisbee, Arizona 
is situated in a Paleozoic sedimentary sequence which in
cludes the Bolsa Quartzite, Abrigo Formation, Martin For
mation, Escabrosa Limestone, Black Prince Limestone, 
Horquilla Limestone, Earp Formation and the Colina Lime
stone. Also present is the Lower Cretaceous Bisbee Group, 
but since mineralization occurred prior to the deposition 
of the Bisbee Group (Bryant and Metz, 1966), the Creta
ceous formations cannot be included as sedimentary sulfur 
sources.

The Bolsa, Earp and Colina formations contain the 
largest amounts of sulfur of the Paleozoic section present 
in the Warren District and they are the most likely sedi
mentary sulfur sources for ore deposition. Sulfide min
eralization occurs in intrusive breccias, in porphyritic 
rocks and in the sedimentary limestones. The majority of 
the limestone replacement sulfides occur in the upper part



of the Abrigo, the entire Martin and the lower part of 
the Escabrosa (Bryant and Metz, 1966).

The Ray copper deposit in east-central Arizona is 
situated in a considerably different sedimentary section 
than the Warren ore deposits. The sedimentary host rocks 
include the Apache Group (composed of the Pioneer Shale, 
Dripping Spring Quartzite and Mescal Limestone), the Troy 
Quartzite and the Paleozoic Abrigo (?) Formation, Martin 
Formation and Escabrosa Limestone (Metz and Rose, 1966). 
Ore mineralization occurs mainly in the Precambrian Pinal 
Schist, however some occurs in the Apache Group sediments. 
The Paleozoic formations contain no-sulfide mineralization 
and they are not present in the ore-body area.

The most likely sedimentary sulfur source in the 
district is the Pioneer Shale. These sediments contain 
enough sulfur by themselves to be a complete source for 
porphyry copper mineralization. The Troy Quartzite and to 
a lesser extent, the Dripping Spring Quartzite, also con
tain appreciable sulfur.

The sedimentary rocks near the porphyry copper 
deposit at Silverbell, Arizona range in age from Cambrian 
through Cretaceous. The Cretaceous sediments are typified 
by conglomerates, shales and arkoses which are roughly 
equivalent to the Bisbee Group and the Cretaceous strata 
of the Empire Mountains. Paleozoic formations include the 
Bolsa, Abrigo, Martin, Escabrosa, Horquilla and the
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undifferentiated Naco Group which is composed of the Earp, 
Colina, Epitaph, Scherrer, Concha and Rainvalley forma
tions . The Epitaph, Earp and Rainvalley formations would 
be the most likely sedimentary sulfur sources. The gypsum 
plus dolomite to limestone ratio of the Epitaph formation 
is high in this area (Butler, 1971) which shows adequate 
sulfur is present in the evaporites for sulfide minerali
zation. Assuming the sulfur distribution of the Mesozoic 
rocks in the Silverbell district is similar to that of the 
Cretaceous formations in this study, it would indicate 
that the Silverbell Mesozoic sediments are also a probable 
sulfur source.

The Pima-Mission porphyry district is located East 
of the Sierrita Mountains and the sedimentary source re
gion contains both Paleozoic and Mesozoic sediments. The 
following Paleozoic formations have been recognized in the 
district: Bolsa, Abrigo, Martin, Escabrosa, Horquilla,
Earp, Colina, Epitaph, Scherrer, Concha and Rainvalley.
In the Pima and Mission mines the sulfide mineralization 
only occurs in the Scherrer Formation.

The Twin Buttes district, which is located south 
of the Pima-Mission district, is situated in a similar 
Paleozoic section with the absence of the Rainvalley For
mation being the only difference in the two sections. A 
large range of Paleozoic strata is mineralized at Twin 
Buttes including the Epitaph, Colina, Martin, Abrigo and
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Bolsa formations (Quick, 1976). The Upper Cretaceous 
sediments are mineralized in both the Pima-Mission and 
Twin Buttes districts. As in the Silverbell district, 
the Epitaph again represents the major probable sedimen
tary sulfur source.

4.3 Conclusion
All of the sedimentary formations in southeast 

Arizona are mineralized in one location or another, but 
reasons for preferential mineralization of certain forma
tions are not known (Quick, 1976). This study proposes 
that the sulfur distribution in the sedimentary rocks may 
have a key influence on the preferential mineralization 
of various stratigraphic horizons. The formations with 
the highest sulfur concentrations are the most likely 
sedimentary sulfur sources for mineralization, but it is 
probable that anomalously high sulfur concentrations are 
present in formations with generally low sulfur contents. 
If the general sulfur distribution patterns of the sedi
mentary formations are well known, it is possible to use 
anomalous values as guides for sufide mineralization.
The sulfur analysis of the host rocks in known centers of 
sulfide mineralization can be compared with stratigraphi- 
cally equivalent unmineralized sediments to correlate 
sedimentary sulfur and sulfide mineralization patterns. 
Detailed stratigraphic mapping of the sulfur variation in
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the sedimentary section is a geochemical technique which 
may be useful in the exploration for porphyry copper 
deposits.



CHAPTER 5

SULFUR ISOTOPE ANALYSIS

5.1 Preparation of Sulfur Isotope Samples 
The sulfur dioxide samples used for the determi

nation of 3I,S/32S ratios on a Micromass 602-C mass spec
trometer were prepared from sulfates using the thermal 
decomposition method of Holt and Engelkemeir (1970) with 
modifications by Bailey and Smith (1972) and Coleman and 
Moore (1978). The sulfate samples were ground to a pow
der of less than 300 mesh sieve size and a small portion 
of each sample was analyzed by x-ray diffraction to 
determine the relative purity of the sample and the pro
portions of gypsum and anhydrite present in the sample.

5.1.1 Sulfate Preparation System
The apparatus used in the sulfate preparation 

(Figure 18) consists of a Pyrex vacuum system in which a 
pure silica glass combustion tube is connected to the rest 
of the system with a Cajon "Ultratorr Union" (Cajon 
Company, Solon, Ohio). An essential item of the vacuum 
line is a copper furnace which operates at 600°C. The 
furnace contains copper turnings placed inside a quartz 
tube. Two Granville-Phillips digital display vacuum 
gauges are used for pressure measurements. The cold traps
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(labeled A and B) are used to separate water and CO2 from 
the SO2 gas sample. The stopcocks in the system are made 
by Kontes of California and the majority of the glass 
tubing in the combustion system has a diameter of 10 mm.

5.1.2 Reagents
The two reagents used in the procedure are quartz 

powder and cuprous oxide. The quartz powder is reagent 
grade ground quartz sand. The cuprous oxide is prepared 
by heating cupric oxide in a vacuum to 900°C for one to 
two hours. The cuprous oxide is replaced periodically 
because it loses purity with time.

5.1.3 Procedure
The preparation of S02 gas from the sulfates for 

spectrometric analysis involves the following procedure: 
Between 50 and 100 mg of the sulfate sample is thoroughly 
mixed with 2 0 0 mg of cuprous oxide and 600 mg of quartz 
powder. This mixture is placed in the pure quartz com
bustion tube, which has an outside diameter of 9 mm and a 
length of 90 mm. The sample is confined in the tube 
using a small quantity of quartz wool. The quartz tube 
is placed on the combustion line and the entire vacuum 
system is evacuated to about 10“ 3 Torr. Stopcocks 5 and 
6 (Figure 18) are closed and the sample is heated slight
ly to liberate the water if the sulfate is in hydrous 
form. This step is omitted if the sulfate is anhydrous.
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The release of water from the sample causes a noticeable 
rise in the vacuum gauge reading. Care must be taken at 
this point not to heat the sample too quickly because 
this may cause a rapid displacement of water from the 
sample which results in the expansion of the sample into 
the vacuum line (if this occurs, the preparation of 
another sample is required). The water vapor is pumped 
away and the system is again evacuated to 10“ 3 Torr.
Liquid nitrogen is then placed on trap A and a dry ice- 
ethanol mixture is placed on trap B. Stopcock 1 is 
closed and the quartz tube is heated to approximately 
1,120°C (sample exhibits a bright yellow-orange color) 
using an oxygen-gas crossfire torch. The sample is heated 
for approximately five minutes. Stopcock 2 is then 
closed and Stopcock 1 is opened, enabling the gas to reach 
the liquid nitrogen trap. The liberation of gas is reg
istered by the vacuum gauge and the sample is heated 
between 10 and 15 minutes until the vacuum gauge display 
ceases to increase. The decomposition being complete,
SO2 is allowed to freeze out in the liquid nitrogen trap 
(Trap B) and water is trapped in the dry ice-ethanol mix
ture (Trap A). When the gauge reaches a level value. 
Stopcock 2 is opened and the oxygen is pumped away. A 
liquid nitrogen-ethanol mixture is then used to replace 
the liquid nitrogen. This results in the sublimal frac
tionation of CO2 from the SO2 at -131°C. When the C02
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has been separated, Stopcock 4 is closed and the SOz is 
frozen into Finger C and this section of the line is iso
lated from the rest of the system. The volume of gas is 
measured and the S02 sample is then transferred into a 
collection vessel using liquid nitrogen, and is stored 
for later analysis on the mass spectrometer. All of the 
cold trap mixtures are removed and the entire system is 
pumped down to 10~ 3 Torr in preparation for another com
bustion run.

5.2 Mass Spectrometric Analysis 
The SO2 samples are analyzed on a Micromass 602-C 

dual collector Mass Spectrometer which has slight modifi
cations to the analyzer. Heating tape is applied to the 
inlet system and change-over valve assembly. The heating 
tape is run at a temperature of 105°C during analysis.
This facilitates the flow of S02 gas through the system 
and reduces the "memory effect" between the reference and 
sample gases. The interval time for each isotope trace is 
adjusted to 90 seconds to improve the accuracy of the 
analyses. The mass ratios 66/64 and 50/48 are analyzed 
from each sample gas and six traces are needed for both 
ratios. The mass ratios are used to correct for the var
iable oxygen-18 content of the sample gas, due to their 
different origins (i.e., sulfate, tank gas, etc.). The 
SO2 samples are let into the mass spectrometer through a
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dry-ice ethanol water trap to decrease the chances of 
letting water into the mass spectrometer. The results of 
the analyses are used to calculate the 6 34S values which 
have been corrected for 180 content.

5.3 Sulfate Isotope Analysis
The analysis of the sulfur isotopes in the sedi

mentary sulfate samples serves a dual purpose in this 
study. The first purpose of isotope analysis is to ini
tiate a workable sulfur isotope preparation system in The 
University of Arizona's Isotope Geochemistry Laboratory. 
This preparation system is used for the combustion of sul
fate and sulfide samples to create S02 gas which is used 
for isotope analysis. The second purpose is to use the 
system for the isotopic analysis of evaporite samples 
from southeast Arizona.

The 34S/32S ratio of the sulfate samples, col
lected at various localities in southeast Arizona, is 
useful as an indicator of the origin of the sulfur in the 
evaporites. The definition of 6 34S is as follows:

6 3 4S per mil = 34S/32S sample - 34S/32S standard
3 4 5 / 3 2 5 standard x -̂f0 0 0

The 34S/32S ratio varies significantly for dif
ferent sedimentary sulfur origins. Marine evaporite 6 34S 
values range from + 8 to +34 per mil and biologically
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reduced and sedimentary sulfide sulfur averages approxi
mately -12 per mil. Present fresh water sulfate ranges 
from +5 to +15 per mil.

Holser and Kaplan (1966) determined that the 
greatest factor controlling sulfur isotope variation in 
marine sedimentary evaporites is geologic time. The 6 3lfS 
averages about +30 per mil in the early Paleozoic and +10 
per mil in the Permian. More recent marine sulfates 
average about +20 per mil. The worldwide variation of 
6 3 4S in marine evaporites with geologic time is accounted 
for by a large transfer of sulfur from and to the shale 
reservoir (Holser and Kaplan, 1966).

A small fractionation occurs upon precipitation 
of gypsum and anhydrite from seawater. The value for the 
fractionation of gypsum is +1.65 ± 0.12 per mil (Thode 
and Monster, 1965). The fractionation during precipita
tion indicates that gypsum and anhydrite are enriched 
slightly in 34S with respect to the water from which they 
precipitated. The isotope signatures of marine gypsum 
and anhydrite represent the variation of 6 3 4S in the ocean 
throughout the Phanerozoic (Holser and Kaplan, 1966 and 
Claypool et al., 1972).
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5.4 Sulfur Isotope Analysis of 
Southeast Arizona Evaporites

Evaporites used for sulfur isotope analyses in
clude samples from the Safford Valley, Whetstone Mountains, 
Chiricahua Mountains, San Pedro Valley and from deposits 
located south of Winkleman, Arizona. The gypsum from the 
Whetstone Mountains is from the Permian Epitaph Formation 
and is massive in form. All the other evaporite samples 
are more recent in age. Massive gypsum was sampled from 
deposits south of Winkleman, Arizona. The gypsum of the 
Chiricahua Mountains is thin-bedded with beds ranging 
from one to four centimeters in thickness. The gypsum 
deposits from St. David and the Safford Valley are dis
placement crystals; no massive gypsum deposits are present 
in either of these areas.

The results of the isotope analyses are shown in 
Table 4. The 6 34S values are corrected to the Canyon 
Diablo Meteorite Standard (CD). The Safford Valley gyp
sum average 6 34S equals -24.0 ± 0.2 per mil, which is a 
significant depletion in 34S with relation to all of the 
other sampled deposits. The enrichment of 3 2S in these 
samples points toward an original source of sulfur which 
is also depleted in 34S, such as sulfides or bacterially 
reduced sulfur. The gypsum crystals of the Safford 
Valley and those of the San Pedro Valley near St. David
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Table 4. Sulfur Isotope Analyses of the Southeast 
Arizona Evaporites

Sample Description__________Location________ 6 3 4S (per mil)
Granular gypsum from the 
Permian Epitaph For-
mation. Mean value of 
three samples.

Whetstone
Mountains + 8 .6

Displacement gypsum 
crystals from the 
Solomonsville beds, 
which are of Pliocene 
to Pleistocene age. 
Average of two samples.

Safford
Valley -24.0

Massive gypsum of early 
to middle Pleistocene 
age.

About 10 km 
south of Winkleman + 1 .6

Displacement gypsum 
crystals from the St. 
David Formation which 
is upper Pliocene in 
age.

San Pedro Valley 
near St. David +5.3

Gypsum, thin bedded.
Chiricahua
Mountains -0 . 1
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were likely formed within the vadose zone as replacement 
crystals.

The Safford Valley gypsum crystals occur in the 
Solomonsvilie beds. These beds are mainly composed of 
siltstones, clays, tuffs, diatomites and marls (Van Horn, 
1957). Both gypsum and halite are present in many of the 
beds. The Solomonsville beds are lacustrine in origin 
and are Pliocene to Pleistocene in age.

The San Pedro Valley gypsum has a 6 34S of +5.30 
per mil which is isotopically heavier than the Safford 
Valley gypsum samples. The San Pedro Valley gypsum crys
tals originate from the St. David Formation (Gray, 1965) 
which is of upper Pliocene to middle Pleistocene in age. 
The formation is typically composed of sands, silts, lime
stones and clays. As with the Solomonsville beds, the 
depositional environments of the St. David sediments is 
fluvio-lacustrine (Gray, 1965).

It is apparent that the source of sulfur for the 
St. David gypsum is increased in 34S with respect to the 
Safford Valley sulfur source. One such possible source 
is the highly deformed Epitaph Formation exposed near the 
San Pedro Valley. If the Epitaph gypsum is the source of 
the sulfur for the San Pedro gypsums, then a correspond
ingly high 34S content would be expected. The derivation 
of playa lake sulfur from Permian gypsum deposits has
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been substantiated by 6 3 4S analyses in a New Mexico 
Tertiary geothermal system (Beane and Allmendinger, 1977).

The Winkleman and Chiricahua gypsum samples have 
similar 6 34S contents. The Winkleman deposit is slightly 
heavier at a 6 34S of +1.6 per mil. The deposit is com
posed mainly of rock gypsum, and is early to middle Pleis
tocene in age (Hardas, 1966). The 6 3 4S of the Chiricahua 
gypsum is -0.1 per mil. Both the Winkleman and Chiricahua 
deposits are lacustrine in origin, but the Chiricahua gyp
sum is less extensive than the Winkleman deposits.

According to Graybeal (1962) the Permian Epitaph 
gypsums were deposited in a restricted basin that was 
transitional between the marine and continental environ
ment. The 6 34S analyses indicate a value of +8.6 ± 0.3 
per mil for the Whetstone Mountains gypsum. This value is 
in agreement with the range of the worldwide Permian marine 
evaporites which average about +10 per mil. The sulfur 
isotopes of the Epitaph gypsum also tend to substantiate a 
marine origin for the deposits. If the environment was 
transitional from continental to marine as states, then it 
is possible that the input of light river sulfate into the 
basin would have resulted in a slight decrease in 34S.



CHAPTER 6

CONCLUSION

Several major points of this study concerning the 
distribution of sulfur in the southeast Arizona sedi
mentary section bear repeating in conclusion:

1. The average sulfur content is low in the entire 
sedimentary section (excluding evaporites) in 
southeast Arizona.

2. The largest concentrations of sulfur occur in the 
Permian Epitaph, the Lower Cretaceous Apache 
Canyon and the Upper Precambrian Pioneer Shale 
formations.

3. The major sulfur-bearing phases in the sediments 
are gypsum, pyrite and anhydrite.

4. In general, high sulfur contents are present in 
mixed clastic-carbonate rocks and are low in pure 
clastic and carbonate sediments.

5. Trends of sulfur distribution in the southeast 
Arizona Paleozoic sediments parallel the trends 
of the sedimentary rocks of the Russian platform. 
This suggests that there was a uniformity of sedi
mentary depositional processes for both areas
during the Paleozoic Era.

87
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6 . The Permian system contains the greatest sulfur 
concentrations in both southeast Arizona and the 
Russian platform.

7. The sulfur distribution in the southeast Arizona 
sedimentary rocks appears to be chiefly controlled 
by the depositional environment of the sediments.

8 . The sulfur isotopes of the Epitaph gypsum deposits 
have a 6 3 4S range of +8.3 to +8.9 per mil. The 
worldwide marine Permian evaporite average of
+10 per mil correlates well with the Epitaph 
values. The Tertiary and Quaternary gypsums have 
6 3‘*S values ranging from -24.2 to +5.3 per mil 
depending upon their depositional environments.
The achievement of a greater understanding of the 

sedimentary sulfur source regions for the mineralized 
porphyries requires detailed analyses of virgin sedimen
tary sections which are stratigraphically equivalent to 
the host rocks surrounding porphyritic intrusions. Sul
fur distribution patterns are mappable both vertically 
and laterally and it is likely that certain lithologies 
within certain formations are sulfur concentrators.
These patterns in the southeast Arizona sedimentary sec
tion unequivocally show that the sulfur concentration in 
the rocks is controlled by various geologic processes.



APPENDIX

DESCRIPTION AND SULFUR CONTENT 
OF INDIVIDUAL SEDIMENTARY ROCK SAMPLES
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SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

UPPER PRECAMBRIAN FORMATIONS

PIONEER SHALE
IPcpn pale yellowish brown
2Pcpn medium gray

3Pcpn moderate reddish brown
4Pcpn pale yellowish brown
SPcpn light gray
6Pcpn medium dark gray

7Pcpn grayish orange
SPcpn medium dark gray

9Pcpn light gray

DRIPPING SPRING QUARTZITE
grayish orange

tuffaceous siltstone 270
cross-laminated tuffaceous
shale (siltstone) 2,700
sandy siltstone 1 0 0

arkosic sandstone 390
tuffaceous mudstone 670
tuffaceous shale
(siltstone) 3,090
arkosic sandstone 10

tuffaceous shale
(siltstone) 2,340
cross-stratified
arkosic sandstone 290

sandstoneIPcds 100 kOo



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

2Pcds pale yellowish orange sandstone 50
3Pcds dark gray siltstone 50
4Pcds pale red sandstone 130
5Pcds grayish orange sandstone 1 0 0

6Pcds very pale orange sandstone 230
7Pcds grayish orange pink sandstone 70

MESCAL LIMESTONE
IP cm pale yellowish brown dolomite 10

2Pcm moderate orange pink siltstone 10

3Pcm moderate reddish brown sandy siltstone 30
4Pcm pale yellowish brown dolomite 30
5Pcm pale yellowish brown stromatolitic dolomite 50
6Pcm pale yellowish brown stromatolitic dolomite 80
7Pcm pale yellowish brown dolomite 30
8Pcm grayish orange pink cherty limestone 140



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

9Pcm pale yellowish brown dolomite 10

lOPcm pale brown stromatolitic dolomite 30
IIP cm pale yellowish brown dolomitic breccia 140

TROY QUARTZITE (CHEDISKI SANDSTONE MEMBER)
IPct very light gray friable sandstone 180
2Pct light brownish gray sandstone 1 0 0

3Pct very light gray friable sandstone 150
4Pct very light gray sandstone 410
5Pct very light gray sandstone 580

TROY QUARTZITE (QUARTZITE MEMBER) 
6Pct light brownish gray
7Pct very light gray

light gray

quartzite
quartzite
quartzite

110
300
708Pct



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

PALEOZOIC FORMATIONS

MIDDLE CAMBRIAN

BOLSA QUARTZITE
ICb grayish pink quartzite 11 0

2Cb grayish orange pink 
and grayish red sandstone 1 0 0

3Cb grayish red sandstone 80
4Cb grayish pink quartzite 20

5Cb grayish pink quartzite 240
6Cb light olive gray . quartzite 160
7Cb grayish red sandstone 420
8Cb dark reddish brown sandstone 20



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

MIDDLE-UPPER CAMBRIAN

ABRIGO FORMATION
ICa greenish gray calcareous sandy shale 120

2Ca medium gray limestone 10 0

3Ca light brownish gray calcareous sandstone 10

4Ca brownish gray sandstone 70
5Ca grayish orange calcareous sandstone 10

6Ca brownish gray to
medium gray sandy dolomite 10

UPPER DEVONIAN

MARTIN FORMATION
IDm pale reddish brown sandstone 270
2 Dm moderate red sandstone 100

3Dm dark yellowish orange sandstone 270



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

4 Dm moderate orange pink limestone 10

5 Dm medium gray and white limestone 10

6 Dm brownish gray sandy limestone 70
7Dm very light gray calcareous sandstone 90
8 Dm grayish orange pink limestone 160
9 Dm grayish orange pink calcareous shale 50

lODm grayish orange pink calcareous shale 12 0

U D m moderate orange pink calcareous shale 70
12Dm medium light gray limestone 40
13Dm medium gray limestone 130

LOWER MISSISSIPPIAN

ESCABROSA LIMESTONE
IMe medium light gray limestone 240
2 Me very light gray limestone 10



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

3Me very light gray limestone 10

4Me medium gray fetid limestone 20

5 Me dark gray limestone 90
6 Me light gray fetid limestone 10

7 Me dark gray fetid limestone 80
8Me dark gray dolomite 20

9 Me medium light gray limestone 10

lOMe medium light gray limestone 80
HMe medium gray limestone 150
12Me medium light gray limestone 160
13Me medium light gray fossiliferous limestone 70
14Me medium gray fossiliferous limestone 30
15Me brownish gray and 

grayish red chert 1 1 0

16Me light gray limestone 40



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

PENNSYLVANIAN

BLACK PRINCE LIMESTONE
IPbp white to light gray
2Pbp light gray
3Pbp white
4Pbp grayish red
5Pbp very light gray 

to white
6Pbp medium gray
7Pbp light gray
8Pbp medium light gray
9Pbp medium light gray

HORQUILLA LIMESTONE
IPh light brownish gray

light brownish gray

limestone 20

limestone 20

calcareous sandstone 150
shale 50

limestone 20

limestone 50
limestone 40
limestone 40
limestone 20

limestone 50
limestone 1 0 02Ph VO

-j



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

3Ph moderate orange pink limestone 40
4Ph light brownish gray limestone 70
5Ph medium gray limestone 1 0 0

6Ph medium light gray limestone 1 0 0

7Ph medium gray limestone 130
8Ph medium gray limestone 11 0

9Ph medium dark gray limestone 22 0

lOPh medium gray limestone 140

NACO FORMATION
iPn medium gray limestone 150
2Pn light brownish gray limestone 140
3Pn light brownish gray limestone 260
4Pn medium light gray limestone 180
5Pn medium gray silty limestone 180
6Pn medium dark gray limestone 190



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

7Pn medium gray limestone 1 1 0

8Pn medium gray limestone 80
9Pn very light gray calcareous shale 10 0

lOPn medium gray shale 50

PENNSYLVANIAN-PERMIAN

EARP :FORMATION
IPPe grayish red limestone 340
2PPe grayish red limestone 1 2 0

3PPe very light gray silty limestone 20

4PPe dark yellowish orange sandstone 170
5PPe dark gray limestone 2 1 0

6PPe pale olive calcareous siltstone 1 0 0

7PPe medium gray with
brown laminations silty limestone 500

8PPe grayish orange sandstone 80 vo
VO



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

9PPe greenish gray calcareous sandy shale 230

LOWER PERMIAN

COLINA LIMESTONE
1PC brownish gray limestone 1 1 0

2Pc medium dark gray limestone 21 0

3Pc brownish gray limestone 190
4Pc brownish gray limestone 90
5Pc brownish gray limestone 170
6Pc medium gray limestone 12 0

7Pc medium gray limestone 170
8Pc dark gray limestone 170
9Pc medium gray limestone 1 2 0

lOPc light olive gray sandy dolomite 180
U P c olive gray to light 

brownish gray laminated siItstone 350 100



SAMPLE
NUMBER COLOR

12Pc medium dark gray
13Pc white

EPITAPH FORMATION
IPed medium gray
2Ped medium dark gray
3Ped grayish orange
4Ped medium gray
5Ped grayish red
6Ped greenish gray
7Ped black
8Ped moderate yellowish 

brown
9Ped medium dark gray

lOPed medium gray
UPed white
12Ped light gray

LITHOLOGY
SULFUR
CONTENT (ppm)

dolomitic limestone 10 

marly limestone 1 2 0

dolomite 1 0 0  

sandy dolomite 90 
siltstone 1 2 0  

dolomite 180 
calcareous sandstone 150 
calcareous mudstone 1,090 
dolomite 60

siltstone 1 1 0  

dolomite 10 

sandy limestone 230 
sandstone 2 0 0  

sandy limestone 130
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SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

13Ped grayish red calcareous siItstone 160

SCHERRER FORMATION
IPs pale reddish brown calcareous siItstone 130
2Ps black dolomite 110
3Ps brownish gray limestone 40
4Ps brownish gray limestone 110
5Ps medium gray limestone 90
6Ps pale reddish brown calcareous sandstone 10
7Ps white sandstone 20
8Ps pale red sandstone 70
9Ps very light gray 

to white sandstone 60
lOPs medium light gray limestone 50
UPs brownish gray limestone 60
12Ps moderate red calcareous sandstone 70 102



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

13Ps white sandstone 50
14Ps white sandstone 90
ISPs moderate pink sandstone 60
16Ps moderate pink calcareous sandstone 160

CONCHA LIMESTONE
IPch grayish black limestone 240
2Pch dark gray limestone 180
3Pch medium dark gray limestone 130
4Pch medium gray and 

light red limestone 90
5Pch medium dark gray limestone 80
6Pch medium light gray 

and pale red limestone 100
7Pch medium gray and 

moderate red limestone 80
8Pch white chert 80 103



SAMPLE
NUMBER COLOR LITHOLOGY SULFUR

CONTENT (ppm)

9Pch light gray limestone 10
lOPch moderate red limestone 140
UPch medium dark gray limestone 30
12Pch dark gray limestone 70
13Pch medium light gray 

and grayish pink limestone 420

RAINVALLEY FORMATION
IPr medium dark gray dolomite 160
2Pr dark gray dolomite 90
3Pr dark gray to 

grayish black dolomite 110
4Pr grayish black limestone 260
5Pr medium dark gray limestone 220
6Pr dark gray limestone 40
7Pr medium light gray limestone 80
8Pr light brownish gray sandy limestone 260
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SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

9Pr light brownish gray 
and grayish pink sandy limestone 140

lOPr brownish gray sandy limestone 380

MESOZOIC FORMATIONS

LOWER CRETACEOUS

WILLOW CANYON FORMATION
1KWC grayish red sandstone 60
2KWC grayish red sandstone 100
3Kwc grayish red calcareous sandy siltstone 60
4Kwc light brownish gray siItstone 40
5Kwc pale yellowish brown siltstone 90
6Kwc light brownish gray calcareous sandstone 230

APACHE CANYON FORMATION
IKa pale brown laminated sandy limestone 390
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SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

2Kci brownish gray
3Ka light brownish gray
4Ka light brownish gray 

and moderate brown
5Ka light brown
6Ka medium dark gray
7Ka medium dark gray
8Ka pale red
9Ka grayish red

SHELLEBURG CANYON FORMATION
IKS light olive gray
2Ks very pale orange
3Ks pinkish gray
4Ks pale yellowish brown
5KS pale yellowish brown

laminated limestone 360 
sandstone 100

siItstone 200 
cross-laminated limestone 420 
dolomitic limestone 20 
laminated limestone 190 
laminated silty limestone 910 
silty limestone 450

calcareous sandstone 110
calcareous sandstone 250
sandstone 40
sandy limestone 260
calcareous sandstone 80 106



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

6Ks light olive gray
7Ks light olive gray
8Ks pale yellowish brown

MORITA FORMATION
IKm grayish red purple
2 Km grayish purple
3Km grayish orange
4Km medium dark gray
5Km grayish brown
6Km light bluish gray
7Km grayish red purple
8Km pale pink

MURAL FORMATION (LOWER MEMBER) 
medium gray

sandstone 360 
calcareous sandstone 50 
sandstone 240

siltstone 190 
calcareous siItstone 40 
sandstone 20 
siltstone 820 
calcareous sandstone 240 
siltstone 90 
limestone 40 
sandstone 90

calcareous sandstone 140IKml 107



SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

2Kml olive gray calcareous sandstone 210
3Kml dark gray calcareous sandy siltstone 30
4Kml pale purple sandy limestone 140
5Kml pale red sandstone 150

MURAL FORMATION (UPPER MEMBER)
iKmu medium gray limestone 90
2Kmu medium dark gray limestone 270
3Kmu grayish olive sandy limestone 290
4Kmu medium gray limestone 80
5Kmu greenish gray sandstone 30
6Kmu grayish black limestone 160
7Kmu medium dark gray fossiliferous limestone 100
8Kmu dark gray sandy limestone 450
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SAMPLE
NUMBER COLOR LITHOLOGY

SULFUR
CONTENT (ppm)

CINTURA FORMATION
IKc grayish red purple siltstone 10
2Kc medium dark gray sandstone (abundant 

magnetite present) 70
3Kc grayish red purple calcareous siltstone 200
4Kc grayish purple sandstone 280
5Kc pale red purple mudstone 10
6Kc grayish red purple siltstone 70
7Kc light brownish gray sandstone 210
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