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ABSTRACT

In Agua Caliente Canyon linear dispersion trains 
of molybdenum occur in active stream sediments for moder
ate distances downstream from oxidizing molybdenite de
posits, Precipitation of molybdenum-bearing ferric hy
droxides and ion exchange reactions with clays may account 
for the molybdenum values in stream sediments. Lack of 
molybdenum in stream sediments in areas of carbonate 
rocks, indicates the high mobility of molybdenum in alka
line water. Under alkaline conditions, molybdenum may 
travel far from its primary source.

In the unusual case of the Glove Mine, structural 
control seemingly has channeled molybdenum-bearing ground- 
water under artesian pressure into an oxidized lead de
posit, where the precipitating effect of secondary lead 
minerals was great enough to fix large amounts of molyb
denum as the secondary mineral, wulfenite.

viii



INTRODUCTORY COMMENTS

Introduction

This thesis was undertaken at the suggestion of 
Dr. W. C. Lacy, who felt that an interesting geological- 
geochemical problem was posed by the Glove tylne. The 
Glove Mine was characterized by an abundance of the sec
ondary mineral, wulfenlte (PbMoO^)» Olson (1961) reports 
that in no case was galena observed altering directly to 
wulfenlte nor were primary molybdenum minerals observed 
in polished sections of the ore. Spectrographic analysis 
conducted by R. W. G, Wyckoff of the University of Arizona 
revealed only insignificant amounts of molybdenum in un
altered galena. Olson (1961, p. 50) concludes, "The 
source of the molybdenum would therefore have to be out
side of the mineralized zone, and probably outside of the 
mine area. Introduction of the molybdate ions to the mine 
area by ground water offers a possible explanation for the 
abundance of molybdenum in the mine, A possible source 
of the molybdate ions could be oxidizing disseminated min
eralization nearby."

Some of the main objectives of this thesis were 
to establish the origin of the molybdenum,found as wul
fenlte in the Glove Mine, and to discover the controls
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which may have governed its distribution. It was felt by 
Dr. Lacy that a geochemical approach offered the best 
chance for solving the problem. If Olson's hypothesis of 
oxidizing molybdenum mineralization outside the Glove 
Mine area was true, then anomalous molybdenum values 
should be found in those streams draining the mineralized 
area. To test this premise a geochemical survey which 
measured the total molybdenum content of stream sediments 
around the Glove Mine was initiated and completed. The 
high relief and steep slopes which produce transported 
colluvium in the area, made a soil sampling program im
practicable.

In addition I desired to evaluate the potentiali
ties of stream sediment sampling (for molybdenum) as a 
tool for locating molybdenum-bearing metal deposits in 
the arid southwest.

Location

The area studied is located in the northern por
tion of the Tyndall mining district along the west flank 
of the Santa Rita Mountains. It is bounded by Cottonwood 
Canyon on the south and by Agua Caliente Canyon to the 
north. The Glove Mine occurs in an Isolated limestone 
block near Cottonwood Canyon to the south.

The portion studied embraces sections 17, 18, 19# 
20, 29» 30 and parts of sections 7, 8, 9, 16, 21, 28, 32,
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33? T. 19 S., R. 14 E., and I. 20 S., R. 14 E., in Santa 
Cruz County, Arizona.

The area is accessible by a graded dirt road which 
runs east from Amado, a small village located on the No
gales Highway 40 miles south of Tucson (Figure 1.).

Previous Work

Intermittent geologic examinations have been made 
in the area beginning with Schrader’s (1915) generalized 
observations of the Santa Rita Mountains to Olson’s 
(1961) detailed work on the Glove Mine. However, little 
published work has been done on evaluating the economic 
potential of the area as a whole.

Anthony (1951), working from 194? through 1951, 
established the basic geologic picture of the area.
Bryant (1955) correlated the Pennsylvanian-Permian Sedi
ments with the regional stratigraphy of Southern Arizona. 
Sulik (1957) made a detailed study of the sedimentary 
block to the north of Montosa Canyon. Finally Button 
(1958), through analyzing the broad structural features 
of the area, fitted the structure into the geotectonic 
framework of Southern Arizona.

Method of Investigation

Three major drainages, which comprise the total 
drainage in the vicinity of the Glove Mine, were sampled
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in detail.(Pigure 17). Each tributary stream was sampled 
approximately 50 feet above its confluence with one of 
the three major streams. Other samples were collected 
from the three major streams at intervals of approxi- 
mately £ mile to see whether molybdenum values were being 
added or lost. Only the active stream sediment or that 
part of the stream sediment which is being currently 
transported by stream water (during the intermittent 
rains) was sampled. Colluvium derived from slumpage of 
the adjacent banks was carefully avoided. The active 
stream sample usually consisted of fine sand and silt, 
and often occurred in the center of the stream bed. The 
active sediments formed a fine-textured streak upon the 
coarser matrix of the stream which could be easily dis
tinguished after several examinations. The stream chan
nels are dry most of the year and water flow depends on 
surface runoff after a rain.

Each sample consisted of 5 handfuls of active sed
iment gathered in a criss-cross pattern spaced 5 feet 
apart along the stream channel. The composite sample was 
placed in a 3" x 6” paper envelope, sealed, and mixed by 
shaking. The location number was then recorded on the 
envelope and entered on the appropriate spot on the aer
ial photographs. Where possible, the type rock of the ad
jacent outcrop was also recorded.
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Approximately 50 bedrock samples were also col

lected, generally in a vicinity indicated as anomalous by 
stream sediment sampling. Several chips obtained from an 
outcrop were collected in a 3M x 6M paper envelope and 
the outcrop site recorded on the envelope. Effort was 
made to collect a representative sample of the outorop, 
and if a mineralized portion occurred, it was sampled in
dividually.

Each bedrock sample was crushed and ground in the 
laboratory. All samples were then passed individually 
through an 80 mesh sieve made from the toe of a nylon 
stocking. Oare was taken to blow out any substance ad
hering to the sieve after each sieving. One tenth of a 
gram of the sieved fraction of each sample was kept and* 
deposited in 20 ml culture tube which was labeled with 
the collecting site number of each sample. When 50 sam
ples were thus accumulated chemical analysis began 
(Appendix).

Approximately 20 water samples from streams, 
cattle tanks, springs, windmills and mine shafts were 
collected in 25 and 50 ml glass bottles. The number of 
water samples was limited by the available water sites.

Geologic field mapping was done in the area sam
pled using a Mt. Wrightson 15 minute topographic map en
larged from the 1 : 62,500 scale to a 1 : 15,625 scale. 
Mapping was done on aefial photograph contact prints
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issued 'ey the Geological Survey of the U. S. Department 
of the Interior. These photographs were enlarged from a 
scale of approximately 1:58,000 to 1:15,625 for use with 
the topographic base map. All stream drainages were em
phasized by a black wax pencil on the aerial photographs. 
Sample stations were, recorded directly on the photographs.

Tracings of the drainages, geology, land status 
and sampling results were then made. These tracings were 
then reduced to fit on 8J x 11 inch paper to allow incor
poration into the thesis text (Figures 16 - 20)•



GEOLOGIC ENVIRONMENT OF THE GLOVE MINE AREA

Geomorphology

Land Forms
Approaching the study area from the west, a prom

inent pediment is observed gradually rising to the foot
hills of the west flank of the Santa Rita Mountains.
This pediment is underlain by Cretaceous sediments which 
are exposed in washes where east trending streams have 
eroded through the alluvial cover. Eastward, the pedi
ment gives way to limestone hogbacks which trend north
west between Montosa and Agua Callente Canyons. South of 
Montosa Canyon occurs an isolated block of folded lime
stones. Where erosion has been influenced by structure 
such as at the Devil's Seat syncline, prominent landmarks 
may be developed. To the south and west occur limestone 
outliers. East of the limestone hogbacks occurs the Dev
il's Cashbox, an area of Cretaceous sediments that is ac
tively undergoing erosion to form an isolated basin. Fur
ther east rise well rounded quartz monzonlte hills. The 
steep slopes of these hills are covered with resistant 
detritus broken from the joints in the quartz monzonlte. 
Eastward they increase in relief and elevation until they 
merge with the higher peaks of the Santa Rita Mountains.

8



Iron oxide along fractures and joints in the quartz raon- 
zonlte imparts a reddish buff color to these hills.

Crossing Montosa Canyon to the south, the well 
rounded quarts monzonite forms give way to blocky latlte 
porphyry outcrops. The latlte porphyry is relatively re
sistant to weathering and forms rugged ridges and hills.
At a distance the latlte porphyry has a darker and grayer 
hue than the monzonite.

Drainage Patterns
The area is characterized by well integrated west

ward flowing major drainages. The three major drainages 
from north to south are: Agua Caliente, Montosa, and
Cottonwood. The headwaters of these streams are found in 
the high timbered country of Mount Hopkins and Josephine 
Peak, to the east. However, Montosa and Cottonwood 
streams are devoid of surface water during the dry sea
son. Agua Callente stream flows most of the year, if not 
all the time. These three drainages may follow along 
earlier structural breaks.

The drainage system is dentritic, except in the 
quartz monzonite where it follows northeast joints. 
Drainage density depends on rock type, the densest drain
age occurring in the fine grained Cretaceous sediments.
In the granite the channels are more widely spaced due to 
greater rock resistance. Volcanics form fairly fine

9



10
textured drainage. The drainage is controlled by geo
logic structure in the Cretaceous sediments of the Devil's 
Cashbox area. Here the drainage abruptly departs from a 
westerly direction to a northwesterly direction, following 
the northwest striking Cretaceous-Permlan limestone con
tact and the northwest striking Cretaceous sediment- 
quartz monzonite contact to the east. The drainage 
appears to be controlled by the contacts and northwest 
faulting.

The westerly orientation of Montosa and Agua Cal- 
iente Canyons appears to be in part controlled by west 
striking shear faults.

Occurrence and Description of Rocks

Sediments
The oldest rocks in the area are the Pennsyl

vanian Permian ITaco Limestones which occur at the base of 
the west striking sedimentary ridge within which the Glove 
Mine is located. The Naco is the mineralized limestone 
unit in the Glove. Here the formation has an exposed 
thickness of 1199 feet (Anthony, 1951) and consists of 
alternating limestones, shales, and sandstones, with ex
tensive sillcification and recrystallzation (Anthony, 
1951). Fossils are relatively rare due to faulting and 
metamorphism resulting from regional tectonic disturbances 
and local quartz monzonite Intrusion.



Anthony (1951) found in the same block post-Naco 
rocks consisting of a pre-Snyder Hill limestone and gyp
sum, an unnamed quartzite and the Snyder Hill limestone 
in that order. These rocks have undergone intense sili- 
cification and recrystallzation impairing the preserva
tion of fossilized mollusks and branchiopods (Anthony, 
1951)* These rocks are confined to the east-west ridge 
near the Glove and to a northwest striking ridge north of 
Montosa Canyon.

The pre-Snyder Hill formation as measured in a 
composite section by Anthony (1951) has a thickness of 
1201 feet. The Snyder Hill limestone is dark blue gray 
with a measured thickness of 240 feet (Anthony, 1951).
The most extensively exposed sedimentary rocks are the 
Cretaceous sediments. The best exposure of these sedi
ments occurs on both sides of the Permian limestone ridge 
which strikes northwest between Montosa and Agua Caliente 
Canyons. The exposures to the east of the ridge repre
sent a stratigraphlcally higher sequence than those out
cropping to the west. The higher sequence crops out in a 
long narrow northwest striking strip from Montosa Canyon 
north to Agua Caliente Canyon where it swings westward 
to disappear under alluvium. A poor exposure of Creta
ceous sediments is found south of the Glove Mine where

11
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stream erosion has cut through alluvium west of the Na
tional Forest line.

The Cretaceous sediments are composed of shales, 
limestones,quartzites, arlcoses with some interbedded vol- 
canics. Dominant hues are the maroon shales and the gray 
and black shales. A conglomerate, bearing Permian peb
bles, occurs on an erosion surface of the Upper Permian 
(Anthony, 1951) and probably represents earliest Creta
ceous deposition in the area. Anthony estimates 10,000 : 
feet of exposure for the Cretaceous section from the 
eastern contact with igneous rocks west to the alluvium 
cover on the pediment.

Igneous Rocks
Between Agua Caliente and Montosa Canyons, Cre

taceous sediments give way to intrusive quartz monzonite 
to the east. The contact strikes approximately N 40° W 
and parallels the Cretaceous-Permian contact to the west. 
Crossing Agua Caliente Canyon northward, the intrusive 
contact swings sharply westward. Along the contact, the 
Cretaceous shales are bleached, presumably by the intru
sion of the quartz monzonite. The quartz monzonite is 
credited by Anthony (1951) as being "part of the central 
Santa Rita stock mapped by Schrader in 1915•" Certainly 
the quartz monzonite is of stock-like dimensions.
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The quartz monzonite varies texturally between 

fine and coarse grained extremes. Pine grained aplite 
dikes occur in the quartz monzonite, often near the peri
phery . In thin section the quartz monzonite is equigran- 
ular and composed of the following mineral percentages:

Quartz 46*
Microcline Perthite . 30*
Andesine 16*
Chlorite 7*
Accessory Minerals

After Anthony (1951)

Alteration observed by Anthony (1951) included: 
partial sericitization of the plagioclase; sericitiza- 
tion of the albite exsolution lamellae in the perthite; 
kaollnlzation of the microcline and orthoclase; and chlo- 
ritization of the hornblende and biotite.

The Glove adits revealed a fine grained quartz 
monzonite intrusive in contact with the Naco limestone 
and aligned 975° W. In this area, clay alteration of the 
quartz monzonite is most pronounced, especially along the 
limestone contact and in apophyses of the quartz monzon- 
ite which intrude the limestone. Here feldspars are com
pletely sericitized with development of kaolin, llmonite, 
and hematite (Anthony, 1951). Chlorite is present and



secondary quartz may also occur. Anthony attributes this 
Intense alteration in the line quartz monzonite to the 
ore fluids which developed the Glove deposit.

Breccia zones (pipes?) of angular quartz monzon
ite fragments occur north of Montosa 0anyon in the quartz 
monzonite. Some pyrite is associated with these zones.

Within the quartz monzonite near its periphery, 
there occur two diorite bodies. One occurs north of 
Hontosa Canyon in the vicinity of the Devil's Oashbox and 
the other occurs north of Agua Oaliente Oanyon at the 
contact of the quartz monzonite with Cretaceous shale.
In field appearance they are of a darker and grayer hue 
than the reddish quartz monzonite.

The diorite bodies are irregular in outline and 
evidence development of microcline feldspar along their 
borders. As the contact with quartz monzonite is ap
proached, microcline development becomes more intense, 
evidencing feldspathization probably by late liquors re
sulting from differentiation processes. Apophyses of 
quartz monzonite weave into the diorite suggesting re
placement of the diorite. Contacts are sharp and evidence 
some recrystalizatlon of the diorite. Thin sections of 
the diorite near the quartz monzonite contact show that 
the hornblende has altered to chlorite and accessory mag
netite. Microcline replaces plagioclsse to varying

14



degrees (Figure 2) increasing in intensity with proximity 
to the quartz monzonite-diorite contact. Feldspathiza- 
tion of the diorite may indicate a high potassium content 
for the late liquors which seemingly rose along the 
quartz monzonite-diorite contact.

The classification of latite porphyry is applied 
by Anthony (1951) to a mottled gray to dark green por- 
phyritlc rock. The feldspar phenocrysts are chalky in 
appearance due to alteration to clay. They prove to be 
mainly ollgoclase, with lesser orthoclase phenocrysts 
dispersed throughout the rock. Quartz phenocrysts are 
present, but hard to recognize in hand samples. The 
groundmass is composed of very fine orthoclase and quartz. 
The latite porphyry evidences sharp Intrusive contacts 
with the quarts monzonlte. Eastward from the quartz mon- 
zonite contact (near the Glove Extension Mine) there 
occurs a zone of angular xenollths of limestone and 
quartz monzonlte within the latite porphyry. The latite 
porphyry in places appears brecciated and cemented by a 
darker (andesitic?) volcanic rock. Within this area are 
the erosional remnants of a tuff. Strong eutaxltic tex
ture (Figure 3) appears to have been produced during com
paction resulting from ash falls. Devitrification has 
occurred in the tuff, which appears rhyolitic in composi
tion. To the southeast near Cottonwood Canyon, breccia

15



PHOTOMICROGRAPH OF MIOROCLINE REPLACING
PLAGIOCLASE FELDSPAR. 80 %
Feldspathlzation of dlorite occurs 
near contact with quartz monzonlte 
In the vicinity of Agua Oaliente 
Canyon.

FIGURE 2

FIGURE 3
PHOTOMICROGRAPH OF EUTAXITIC STRUCTURE
IN TUFF 80 x
Compaction around autoliths occurs 
in tuffs east of the Glove Mine.



16



pipes of angular quartz monzonite fragments cemented In a 
volcanic matrix are found within the latite porphyry. IIo 
mineralization has been observed in these pipes.

Andesite occurs as dikes which intrude the latite 
porphyry generally along northwest directions. The Glove 
Extension Shaft has penetrated into an andesite dike par
alleling the latite porphyry-limestone contact along which 
the dike probably intruded. This dike is off set by east- 
west faulting.

A dacite porphyry sill has been described by 
Anthony (1951) and Olson (1961). The dacite porphyry 
evidences intrusive relations with both the limestone in 
the Glove area and the latite porphyry. This sill strikes 
roughly for 2,500 feet east of the Glove mine area. It 
does not produce noticeable wall-rock alteration and 
seems to have no genetic connection with mineralization.

Aplite dikes occur in the periphery of the latite 
porphyry in the vicinity of the Isabella Mine. Aplite 
zones also occur in the quartz monzonite.

Lamprophyrlc dikes of dark mafic minerals in a 
groundmass of both mafic and femic minerals intrude the 
quartz monzonite in Agua Callente Canyon. They appear to 
have been originally emplaced along fractures, but have 
made embayments into the quartz monzonite, as indicated 
by numerous apophyses extending out from the dikes. Leu- 
cocratic dikes composed predominantly of quartz and

17



18
potash feldspar (grading from alaskite to pegmatite) 
intrude the quartz monzonite-Oretaceous sedimentary con
tact in Agua Oaliente Canyon. Other smaller dikes fur
ther north and east appear to be genetically related to 
the Agua Oaliente dikes and were emplaced along north
westerly breaks in the quartz monzonite. These dikes 
probably were formed by late magma liquors enriched in 
potash and silica. In the vicinity of Agua Oaliente Can
yon these dikes bear molybdenite in quartz (Figure 4). 
Molybdenite gives way to pyrite, chalcopyrlte and galena 
further north and west.

At the Blacksmith adit in the Glove claim group a 
similar coarse-grained, intensely chlorltized leucocratic 
intrusive was observed. The large potash feldspar pheno- 
crysts are sheared (Figure 5) and introduced silica has 
filled the fractures along with chlorite and occasional 
pyrite.

Quartz veins occur along northwesterly striking 
breaks throughout the quartz monzonite. They are often
composed of "bull" quartz and may contain specularite 
stringers*

Structural Setting
Work by Anthony (1951) in the Oottonwood-Montosa 

Canyons area revealed the presence of a thick sequence of 
southwesterly dipping Cretaceous sediments, which



FIGUaa 4

PHOTOMIOROGHAPH OF MOLYBDENITE IN QUARTZ
60 x

Molybdonus-bearing quartz veins arc 
abundant in alaskite-pegmatlte dikes 
near Agua Oallente Canyon.

FIGURE 5
PHOTOMICROGRAPH OF SHEARED POTASH FELDSPAR PHENO- 
CRISTS IN COARSE-GRAINED LEUCOCRATIC INTRUSIVE

80 x
Blacksmith AditJ





20
probably represent the west flank of a large anticline 
formed by the Intrusion of the Santa Rita Igneous com
plex. Igneous Intrusions (Including dlorlte and quartz 
monzonlte) of the Santa Rita complex have been aligned by 
a N40° iV tectonic direction (Olson, after Lacy, 1961) 
which may represent a deep seated lineament direction in 
the basement.

The presence of two blocks of Pennsylvanian and 
Permian sediments in the area posed a problem as to ori
gin, as no other exposures of similarly aged rocks were 
to be seen within 7 or 8 miles. " The sedimentary blocks 
are structurally deformed as evidenced by their folded 
appearance. It was proposed (Anthony, 1951) that these 
blocks were the result of thrust faulting. Anthony 
(1951) suggested that the Pennsylvanian-Permian lime
stones in the Montosa-Oottonwood Canyons area were thrust 
over the Cretaceous sediments by compressive forces from 
the southwest. The northeasterly allnement of the large 
limestone block north of i-iontosa Canyon supports this 
idea. Although the actual thrust surface is poorly ex
posed over most of the area, a good exposure is found in 
the wash south of the old Isabella Mine. Here Anthony 
mapped the thrust fault dipping 45° to the south, and 
flattening southward. The cobbles and boulders which oc
curred in the basal Cretaceous conglomerate were observed 
by Anthony (1951) to contain a "remarkably well developed



set of tension cracks and shears." These tension cracks 
strike about 5 45° W and are displaced by the shears 
which form at acute angles to the tension breaks (Anthony 
1951)« It would appear logical to attribute these cracks 
and shears to the same compressive forces which produced 
the thrusting of the limestone blocks. Folding of the 
thrust plates during thrusting produced such features as 
the Devil's Seat Syncline and an overturned isoclinal 
fold in the limestone ridge north of Montosa Canyon,

Accompanying the period of thrusting was the de
velopment of major shear faults. Anthony (1951) attri
butes such breaks to the same compressional field from 
the southwest. Shear breaks would Ideally be expected in 
two directions at acute angles to tension breaks. Strong 
northeasterly striking tenslonal joint sets are observed 
in the Santa Rita quartz monzonlte and shear breaks are 
found striking northerly and westerly at acute angles to 
the joint sets. The northerly striking shear faults are 
most prominent in the Glove Mine area. Here northerly 
striking tear faults have cut across the east trending 
fold axis of the thrust plate. These tear faults are re
garded by Anthony (1951) as shear breaks formed at acute 
angles to the northeast thrust direction.

The westerly shear direction is represented by 
breaks along Montosa and Agua Callente Canyons and by the 
Glove Fault. These breaks were probably coincident with
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the breakage zone attributed by Mayo (1958) to the Texas 
Lineament Belt in southern Arizona. Button (1958) notes 
that the development of the westerly shear direction 
probably followed similarly oriented (N 70° W - N75° «0 
geosutures in the basement (i.e. Mayo’s Texas lineament).

The westerly shear direction is characterized by 
left lateral faulting which is in accord with the move
ment expected from compressional forces from the south
west. The blocks to the northwest probably represented 
stable buttresses against which the compression was di
rected, resulting in major shearing and thrusting (Fig
ure 6).

A left lateral shear fault of considerable magni
tude has separated the Box Canyon Block from the southern 
Santa Rita Block in the vicinity of Sawmill Canyon 
(Button, 1958). Furthermore the southern Santa Rita 
Block is separated from the adjoining block to the south 
by a westerly striking fault (Lacy, after Button# 1958).

iThese tectonics may be part of the Baramide Revolution in 
Southern Arizona. Following these tectonics, there may 
have been a slight resurge of intrusive activity. The 
fine-grained intrusive quartz monzonlte near the Glove 
Mine appears to have been emplaced along the Glove Fault. 
Local drag folding of the limestone is exposed in the 
Glove Mine and is attributed to reverse faulting caused 
by the emplacement of the fine quartz monzonlte.
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FIGURE 6
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Some time afterwards, probably In Tertiary times, 

there followed a period of volcanic activity. Latlte 
porphyry was emplaced over a wide area east of the Glove 
Mine. Its Intrusive character Is evidenced by breccla- 
tlon of the quartz nonzonlte and by lack of flow struc
ture (Anthony, 1951). Volcanic activity did not'cease, 
but apparently continued after the latlte porphyry em
placement. This Is suggested by the occurrence of xeno- 
llths of latlte porphyry In a later (andesitic ?) volcan
ic rock east of the latlte porphyry body. Also within 
the latlte porphyry itself there are the erosional rem
nants of a tuff. From what vent this ash fall issued has 
not been determined.

Daclte dikes have been observed by Anthony (1951) 
intruding the latlte porphyry. An andesite dike Intrudes 
the latlte porphyry in the vicinity of the Glove Exten
sion Mine. The dike is offset by westerly striking small 
breaks.

After the volcanic activity had ceased there may 
have been a reactivation of old tectonic directions in 
the basement, particularly the N 40° W direction. Lam- 
prophyric dikes followed by aplite and alasklte-pegmatite 
dikes were emplaced along northwest breaks. These acidic 
potash-rich dikes may represent the last magma liquors.



Quartz veins striking northwesterly mark the com
mencement of the hydrothermal stage. It is felt that the 
major period of mineralization occurred shortly thereafter, 
perhaps in Tertiary times. Earliest mineralization ap
pears to be of a quartz-specularlte type followed by a 
silica-magnetite replacement of Cretaceous shales.
Quartz-molybdenite-pyrite mineralization may have fol
lowed. The potash-rich dikes appear to be particularly 
favorable for molybdenite mineralization perhaps because 
of the accumulation of molybdenum in these later differ
entiates. Structurally these late dikes are likely sites 
for ore deposition as they have been emplaced along per
meable contact and fault zones.

Copper, zinc, and lead sulphides probably were 
deposited last. Structurally favorable zones became the 
loci of ore deposition. The Glove Fault appears to have 
been a key factor in providing access for ore fluids in 
the Glove limestone replacement deposit. Also copper, 
lead, and zinc minerals were deposited in sillcified veins 
striking northwesterly in the quartz monzonite, and occa
sionally in the Cretaceous quartzites and shales. In the 
latite porphyry pre-heated channel ways may have provided 
the access for pneumatolytlo type deposits of copper and 
lead sulphides. Mineralization ceased when the spent ore 
fluids developed barren quartz veins.
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Post-ore faulting appears to have displaced the 

molybdenum bearing dikes in the vicinity of Agua Callente 
Canyon. Poneplanation of the lower elevations has devel
oped a pediment on the west flank of the Santa Rita Moun
tains . Alluvial deposition has burled the pediment under 
a veneer of eroslonal debris from the Santa Rita Moun
tains. This alluvial cover Increases in thickness west
ward towards the Santa Cruz River.

Recent uplift has rejuvenated the surface
streams
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Quaternary

Laramlde
Revolution

Oretaoeous

Permian & 
Pennsylva
nian

Summary of Geologic History

Late uplift and stream rejuvenation 
Deposition of alluvium
Erosion and development of pediment on west 
flank of Santa Rita Mountains
Mineralization stage and post ore faulting
Intrusion of basic dikes, aplite, and 
alaskite pegmatite dikes..
Reactivation of N 40 W tectonic direction
Intrusion of daclte and andesite dikes
Ash falls, and volcanic breccia pipes
Intrusion of latite porphyry stock
Drag folding in limestones and reverse 
faulting at the Glove Mine
Local emplacement of fine quartz monzonlte at 
the Glove Mine
Shearing along northerly and westerly faults
Thrusting of Pennsylvanian-Permian sediments 
from S. W.
Laramlde compression from Southwest
Westward tilting of Oret. sediments
Intrusion of Santa Rita Complex
Deposition of sediments
Erosional Unconformity

Snyder Hill limestone 
Deposition of Pre Snyder Hill limestone

Naco limestone
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Mineral Occurrences Without Molybdenite 

Volcanic 11 Blowouts **

This type of mineralization is confined to the 
volcanic latite porphyry and probably represents fairly 
high temperatures at shallow depths as evidenced by the 
presence of high- temperature bladed specularlte and 
the presence of porcelain-like cherty quartz in a gener
ally fine textured matrix» Cherty quartz of porcelain 
character is considered by Buddlngton (1935) to be in
dicative of high-temperature deposits emplaced at shal
low depths.

Mineralisation consists mainly of bladed specu- 
larite which at the surface is stained with some copper 
oxides. At a depth of several feet chalcopyrlte, born- 
ite, sphalerite and galena occur disseminated along 
minute fractures. Specularlte is replaced by chalco
pyrlte (Figure 7), which in turn is being replaced by 
bornite (Figure 8 )„ Oovelllte is found along late 
fractures in the chalcopyrlte and bornite (Figure-9)„ 
Galena appears to replace sphalerite. The specularlte 
lags behind at the surface due to its stability, while



FIGUR3 7

PHOTOMICROGRAPH OP HIGH TEMPERATURE BEADED 
3PE0ULARITE BEING REPLACED BY CHALOOPYRITE

60 x

FIGURE 8

CHALOOPYRITE BEING REPLACED BY BORNITE
60 x
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FIGURB 9

PHOTOMICROGRAPH OF COV2LLITE REPLACING OHALOO- 
PYRITE AND BORNITE ALONG LATE FRACTURE3

60 x

FIGURE 10 -
PHOTOMICROGRAPH OF EARLY EUHEDRAL PYRITE.BEING 
REPLACED BY CHALCOPYRITE AND SPHALERITE, WHICH 
IN TURN ARE BEING REPLACED Bp.GALENA

-Av

Glove Mine, 60 x
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the copper oulphides arc leached to a depth of several 
feet, 3..?ndl2»2 a high Iron to copper ratio to the 
outcrop.

The gangue is typically siliceous with intro- -•
duccd CaCGj. Latite porphyry fragments occur in the cal
cium carbonate. On first Inspection the calcium carbon
ate appears to be sedimentary limestone as it develops 
pitted and ropy weathering surfaces much "like the Penn- 
sylvanian-Permian limestones to the west. However closer 
inspection along a face suggests the vein nature of the 
OaOO-̂  (with-the development of crystaline calclte), so 
that a xenolithic limestone theory becomes questionable.

The mineralization is often associated with 
faulted slivers of quartz monzonite and probably is fault 
controlled. There is evidence also of post-mineral fault 
movement indicated by slickensldes on the specularite. 
Faults or fractures are thought to have provided access 
for the mineral bearing phase which was high in lime and 
silica and perhaps OOg. The mineralizing fluids are 
thought to have been above the critical temperature in a 
pneumatolytic state. Rising along pre-heated channelways, 
the mineralizing fluids retained their heat as energy 
losses would have been at a minimum. Upon reaching near 
surface conditions the fall in temperature must have been 
so rapid as to cause a sudden precipitation of minerals 
resulting in a strong mineral showing. Rapid



crystalization may result In a telescoping effect of high 
temperature metallies fading rapidly into lower tempera
ture metallics (Figure 7)• Such an effect has been 
termed a "blowout," indicating the rapidity of crystali
zation, the lack of pervasive alteration in the wall rock, 
and the diminishment of mineralization with depth. Bud- 
dlngton (1935) proposed the term *xenothermal1 for depos
its such as described here, characterized by high tempera
ture appearance at shallow depth. Spurr (1923) describes 
this type of mineralization as occurring "within a few 
thousand or even a few hundred feet of the surface, main
ly in tertiary surface volcanics."

Buddington (1935) points out that for this type 
of deposit "mineralization must have been in part formed 
by pneumatolysls and in part deposited from the liquid 
solution as a result of distillation as well as by rapid 
cooling."

This type of mineralization is common in the vol
canics of the Oottonwood-Montosa Canyons area. Greatest 
mineralization was encountered fairly near the surface 
where the sudden precipitation had occurred. Surface in
dications are however unpredictable as to the degree of 
copper mineralization at depth. Emission spectrography 
revealed no molybdenum present in the specularite of 
these deposits.
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Replacements in Limestone

Limestone replacement deposits have been the most 
valuable metal producers in the Cottonwood-Montosa-Agua 
Oaliente area. The deposits are characterized by replace
ment of brecciated permeable limestone; and by fissure 
fillings. The unoxidized portion of the ores consist of 
minor pyrite and chalcopyrite and abundant sphalerite and 
silver-bearing galena in that paragenetlc sequence (Fig
ure 10).

The Glove Mine, which was the greatest producer, 
surrendered 21,000 tons of oxidized ore valued at slight
ly over $1,000,000. Mineralization at the Glove was con
trolled by permeable breccia and fissure zones credited 
to the intersections of bedding-plane faults within a fav
orable horizon of the Naco limestone (Olson, 1961). Min
eralization was confined by the existence of an imperme
able pre-ore latite porphyry sill which acted as a barrier 
to ore solutions ascending along the Glove Fault. Pure 
or moderately sillcifled calotte was more favorable to 
ore deposition than intensely slliclfled zones.

The oxidized portion of the sulphides consist of 
cerussite, smithsonlte and lesser anglesite. Wulfenite 
appears in the oxidation zone as encrustations along wa
tercourses. The supergene minerals of the original sul
phide minerals were chiefly mined at the Glove. These
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carbonate-sulphate products have filled caverns In the 
limestone formed by the corrosive action of acids result
ing from the oxidation of sulphide minerals.

In the Blacksmith Adit, east of the Glove, simi
lar limestone replacements were mined. The ore controls 
are similar to those at the Glove, but the ground is 
tighter and less oxidation has occurred (Olson, 1961).
The writer has found pyrlte disseminated in a shattered 
coarse grained quartz-potash rich intrusive (Figure 5) 
which occurred in the Blacksmith Adit but was not observ
ed in the Glove. Whether the ore fluids are genetically 
related to this intrusive or whether the ore fluids came 
from elsewhere, and were channeled into the Glove fault 
producing epigenetic mineralization in the adjacent in
trusive, is not known. The shattered and veined appear
ance of the intrusive makes the latter idea more attract
ive.

The Isabella Mine is located on the north strik
ing Isabella Fault which has displaced the latite por
phyry upward against limestone, thus suggesting that the 
Isabella Fault is a high angle reverse fault (Anthony, 
1951). The ore from the Isabella Mine was composed of 
the oxidation products of primary Ou, Pb, Zn, sulphides. 
In most aspects the ore must have been similar to the ore 
from the Glove Mine. Anthony (1951) notes an early stage 
of slliciflcatlon followed by specularlte at the



Isabella. The primary sulphides were deposited after the 
specularite, and Include the following minerals: pyrlte, 
chalcopyrite, sphalerite, galena. Spectrographic analy
sis of the Isabella specularite revealed strong molybdenum 
lines. Molybdenum probably is in substitution for ferric 
iron. Only small amounts of the molybdenum was removed 
in laboratory tests by weak HOI acid baths, indicating 
that the molybdenum is strongly held by the specularite 
probably within the lattice.

The Isabella deposit is probably post-latlte por
phyry. Intensely altered and siliclfled fragments of 
latlte porphyry were observed by Anthony (1951) In the 
fault gauge at the mine. The Isabella fault may have pro
vided access for ore fluids which replaced the shattered 
limestone.

The Glove Extension Mine appears to be of the 
same type of limestone replacement. Deformed galena nay 
evidence post-ore faulting (Figure 11).

Siliclfled Veins in Quartz Monsonlte
In the intrusive quartz monzonite north of Mont- 

osa Canyon there occasionally occur northwesterly strik
ing copper, lead, zinc veins. It is thought that reacti
vation of the N 40° W tectonic direction may have provided 
the channels for high silica bearing ore fluids.
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PHOTOMICROGRAPH O F GALENA DEFORMED ALONG 
CLEAVAGE TRACES BY POST ORE MOVEMENT 

Glove Extension Mine 60 x

FIGURE 11

FIGURE-12
PHOTOMICROGRAPH OF MOLYBDENITE OCCURRING 
AS STRINGERS ALONG FRACTURES IN QUARTZ

60 x
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Characteristically these veins are high in py- 

rite, lending a red llmonite color to the outcrop of the 
veins. The veins show an increase in the chalcopyrite to 
sphalerite ratio over the limestone replacement deposits 
to the southwest. The ore minerals in the vein itself 
are primary and evidence little oxidation, perhaps due to 
the shielding effect of the silica gangue.

Copper and Magnetite Replacements in Shales
Magnetite replacement and accompanying sllicifica- 

tion of shale horizons within the Cretaceous sediments has 
been observed in the Devil's Cashbox area, especially . 
along the Cretaceous-Permlan limestone contact. This lo
calization would seem to indicate that the mineralization 
was controlled by proximity to the thrust faults at the 
base of the limestones.

Some copper staining was observed in association 
with the magnetite, but no primary copper minerals could 
be found. The dump of a single mine, north of Agua Cali- 
ente Canyon, evidenced chalcopyrite and bornlte in the 
ore. Here the host rock was sllicifled shale and fine 
grained quartzite.



GEOCHEMISTRY OF MOLYBDENUM IN THE SUPERGENE ENVIRONMENT

Phases Mobile In Water

For an element to travel in water it must be 
either dissolved or a component of stable suspension 
(Hawkes, 1957). Such elements that are stable as soluble 
components In water or that form colloidal suspensions are 
said to be mobile and hence may migrate in the supergene 
environment. Molybdenum, particularly in its hexavalent 
oxidation state is generally mobile in the supergene en
vironment, although many factors retard or increase its 
solubility. The possible states in which molybdenum is 
soluble are:

1. as HM0O4** anion, soluble at lower PH's
2. as M0O4- anion, soluble at higher PH's
3. as MoOg^ cation, soluble at lower PH's
4. as MoOg * SO4
5. as H2M0O4 , molybdio acid
6. as soluble complex molybdenum-bearing organic 

compounds.
Molybdenum may also be somewhat less mobile as 

ions 'sorbed; on particles in suspension:
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1. As molybdenum ions 'sorbed? on fine clays 

through ion exchange on surface or absorption into lat
tice.

2. As molybdenum absorbed in hydrous ferric ox
ides by co-precipitation.

Actual particles of stable secondary minerals in 
suspension such as powelllte (OaHoO^), ferrimolybdite 
(FegfMoO^)^), and ilsemanite (Mo^Og) are much less mobile.

The most mobile phases will be the soluble molyb
denum components which will travel with the water until 
they are precipitated. The components in suspension will 
remain mobile only so long as the carrying force of the 
water is sufficient to retain them in suspension, after 
which they will settle out to become part of the non-mo- 
bile matrix of the stream channel.

Soluble molybdenum compounds result from the 
breakdown of molybdenite in the supergene environment 
(Titley, 1963);

MoS2 + 10H20 = Ho02 + 25O4 + 20K + 19e“
MoS2 + Fe++ + 15H20 = Fe [OH)^ + + MoO^

+ 27H+ + 19e”
Immobile, Insoluble secondary molybdenum minerals 

such as ferrimolybdite, and powelllte may decompose with 
changing environmental conditions to soluble molybdenum 
forms.
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Factors Affecting Mobility

"Mobility is closely related to the tendency of 
an element to be stable, in water soluble form," (Hawkes, 
1957). The chemical factors affecting the stability of 
soluble molybdenum forms are: pH, Eh, co-precipitation,
‘sorption, organic activity, the concentration of molyb
denum in solution, and the formation of undisassociated 
complex compounds. pH is a measure of the acidity of a 
solution or the hydrogen ion concentration. The stability 
of most soluble molybdenum compounds varies directly with 
changes in the pH of the solution. As the pH changes, 
soluble molybdenum compounds may become unstable and de
compose forming new compounds that are either soluble or 
insoluble. For instance, the Mo024 ion is stable only 
at lower pH’s and at higher pH’s the MoO/f= ion is the 
stable form. The secondary molybdenum minerals, ferri- 
molybdlte, powellite and ilsemanite are stable under in
termediate acid pH conditions. When acid extremes or 
alkaline pH conditions, are encountered in nature, these 
minerals become unstable and decompose, releasing soluble 
molybdate ions (Figure 13).

Eh is the measurement of the electrical potential 
of a system or the tendency for electrons to escape from 
ions in solution. Oxidation reactions take place in the 
presence of oxygen by virtue of oxygen's capacity to in
crease the positive valence state of many ions.
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Molybdenum in the sulphide MoSg is quadrivalent, 

but as reducing conditions give way to oxidizing condi
tions in the supergene environment, molybdenum may become 
quinquevalent, as in the molybdate cation MoOg^; or hexa- 
valent, as in the acid molybdate anions HMoO^” and Mo0^= . 
“The resulting changes in valence due to oxidation reac
tions changes the properties of an ion“, (Hawkes, 1957). 
Under similar conditions a molybdenum ion of one oxidation 
state may be quite insoluble, whereas a molybdenum ion of 
a different oxidation state may be soluble, (Hawkes, 1957). 
Thus molybdenum is relatively insoluble in its quadriva
lent oxidation state as molybdenite (MoSg); while in its 
hexavalent state as HM0O4” or MoO/^ it is soluble at the 
proper pH values. Bh requirements for oxidizing reactions 
are governed by the pH of the system. For an Increasing 
pH, the Bh necessary for an oxidizing reaction to take 
place decreases.

Co-preclpitation. of molybdenum occurs when a pre
cipitating mineral incorporates traces of molybdenum into 
its lattice. The “scavenged” molybdenum must have similar 
ionic radii and ionic potential to those of the element 
for which it is being substituted. Titley (1963) has ob
served precipitating ferric hydroxides to absorb up to 

molybdenum by co-precipitation. This might be expect
ed due to the similarity in ionic radii of the tetrava- 
lent molybdenum ion and ferric iron ion (O068A0 and
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0.67°A respectively). Co-precipitation in general re
tards molybdenum1s mobility because it fixes originally 
soluble molybdenum ions into the lattices of insoluble 
precipitates. ’Sorption' includes both absorption, the 
entrance of ions into the lattice of a mineral and adsorp
tion, the surface retention on a mineral of ions attract
ed by opposite electrical charges or unsatisfied bonds. 
Clay minerals and organic compounds exhibit greatest ca
pacity for ’sorption and are probably important in re
tarding molybdenum mobility, by 'sorbing soluble molybdate 
ions such as M0O4-, HM0O4” and MoOg*.

Formation of soluble but undisassociated molyb
denum-bearing organic compounds may contribute to molyb
denum mobility. Hawkes (1957) notes, "In soils, labora
tory studies show that a great number of organic acids 
are capable of ’solubilizing’ the otherwise mineral con
stituents or preventing their precipitation from solu
tion." Exact Identification of molybdenum-bearing or
ganic complexes has not been established.

A molybdenum salt will decompose and will go into 
solution as the concentration of molybdenum already in 
solution decreases below the saturation point. Thus, the 
formation of secondary molybdenum minerals and their de
composition depends on the concentration of molybdenum 
ions in solution. In this sense molybdenum becomes more 
mobile in water at lower concentrations. Much of the
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chemical breakdown of powelllte and ferrimolybdite depends 
on active groundwater circulation where molybdenum in sol
ution is not allowed to build up to sufficient concentra
tions to maintain the stability of secondary molybdenum 
minerals.

The formation of new inorganic molybdenum com
plexes from the uniting of differently charged ions may 
create stable but soluble complexes. The new complex will 
have different properties than the individual ions. For
mation of soluble MoOg • SO4 may aid in maintaining molyb
denum's mobility in the supergene zone.



ORIGIN OF MOLYBDENUM IN THE VICINITY OF. THE GLOVE MINE

Primary Dispersion in Igneous Rocks

Concentrations of a metal sufficient to form ore 
deposits are frequently found within a metallogenlc prov
ince for that element. Such a province will evidence 
higher than average amounts of that particular metal in 
the common rock forming minerals.

Titley (personal communication, 1964) suggests 
that anomalous dispersion of molybdenum occurs in Southern 
Arizona as a broad northwest-trending belt from the Pata
gonia Mountains northwestward through the Santa Rita Moun
tains .

The clarke for molybdenum in the earth's crust is 
%  2.0 ppm. Igneous rocks on an average contain 1.7 ppm 
Mo (Hawkes and Webb, 1962). The molybdenum average for 
igneous rocks in the Glove area is 2.5 ppm (Figure 14). 
This average includes only quartz monzonite, sllicified 
quartz monzonite, latlte porphyry and diorite. However, 
the average content of molybdenum in this area for potash- 
rich alaskites-pegmatites is 22.5 ppm. Aplites average 
15.0 ppm Mo. Thus these later potash-rich differentiates
(Figure 14) are anomalous if 2.5 ppm of molybdenum is con
sidered background for the igneous rocks in the district.
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Anomalous Dispersion in Minerals

The primary dispersion of molybdenum is governed 
by its mobility in the endogenetic or primary environment 
characterised by high temperatures, high pressures, and 
lack of free oxygen. Molybdenum is considered mobile 
since it remains in a mobile state in liquid melts or 
magmas until it reaches such concentration that it can 
form a stable molybdenum mineral such as molybdenite, 
MoSg, the principal mineral of molybdenum.

To varying degrees however, molybdenum may sub
stitute into the lattices of earlier common rock forming 
minerals, providing that the ionic radii and ionization 
potential of the molybdenum ion are similar to the ele
ment for which it Is being substituted. Kuroda and San- 
dell (1957i p. 47) note, "Molybdenum does not closely 
follow any single major constituent of igneous rocks... 
The analyses of the component minerals of common igneous 
rocks shows that molybdenum can occur in important quan
tities in alkali and plagioclase feldspars, pyroxene, am- 
phibole, biotite and especially magnetite-ilmenite." 
Kuroda and Sandell (1957) note that molybdenum may sub
stitute for alumina in feldspars.

Analysis by emission spectrography* of specular
'hematite collected from the Isabella replacement deposit
•^Conducted by the writer using emission spectograph, De
partment of Mines, University of Arizona.
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in limestone near the Glove Mine revealed significant 
amounts of molybdenum, suggesting that molybdenum may sub
stitute for the ferric ion. Spectrographic analysis of 
specular hematite occurring in volcanic “blowoutsM fur
ther east in latite porphyry failed to show detectable 
molybdenum. Colorimetric analysis by the thiocyanate fu
sion method substantiated the results of the spectrography. 
In the specularite of the Isabella replacement deposit 
molybdenum in the order of 100-500 ppm was detected. Only 
traces of molybdenum ( < 25 ppm; below the sensitivity? of 
emission spectrography ) were found in the specularite 
from volcanic “blowouts." Selective substitution of molyb
denum in specularite lattices may well be related to the 
character of the individual ore emplacement. It is pos
sible that if the volcanic "blowout" deposits represent 
high temperature pneumatolytic processes (emplaced at 
shallow depths) that molybdenum was volatlzed as MoFgt 
and did not substitute for Fe+++ in the lattices of specu
larite hematite. However in the Isabella replacement de
posits formed by hydrothermal ore bearing fluids, molyb
denum may have concentrated to a sufficient degree in the 
residual liquors to be Incorporated into the specularite 
lattice during crystalizatlon.

Association of molybdenum with iron has also been 
observed by Kuroda and Sandell (1957) in magnetite and 
ilmenite. In a pegmatitlc streak in granite, magnetite
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was observed to contain up to 15 pimn molybdenum (Kuroda 
and Sandell, 1957)« These workers credit Fe+  ̂and Ti+^ 
as the ions for which molybdenum is mostly likely to sub
stitute . Korolev (1957) reports that he has observed a 
direct correlation between molybdenum content and pyrlte 
in coals. Thus the presence of traces of molybdenum in 
minerals may indicate nearby molybdenum concentrations.

Significant molybdenum concentrations were obser
ved in high--"Silica potassic rocks in the vicinity of 
Agua Oaliente 0anyon. Fusion and subsequent colorometrlc 
analysis showed an average of 22.3 ppm of molybdenum in 
high-silica, potassic rocks. In general it was observed 
that the more basic the rock, the less molybdenum present. 
This would indicate that increasing differentiation of 
rock-forming magmas may result in a corresponding enrich
ment of molybdenum. Therefore it would seem evident to 
search for molybdenum deposits in late differentiated 
potash-rich rocks.

An anomalous dispersion of molybdenum occurs as 
MoSg, (molybdenite) in high-silica, potassic igneous 
rocks in the area around Agua Oaliente Canyon. Molybden
ite occurs not only as stringers along fractures in 
quarts (Figure 12), but also as disseminations (Figure 5)• 
Most of the visible molybdenite occurred in an alaskite- 
pegmatite dike characterized by coarse potash feldspar 
and quartz veinlets. This dike was emplaced along the
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quartz monzonlto oretaceous contact in Agua Oaliente Can
yon. The molybdenite appears to have been deposited from 
hydrothermal fluids closely associated with the differen
tiation of a silica-potassium rich residual magma„ The 
concentration of molybdenum in the late differentiate 
must have been sufficiently great to allow Incorporation 
of molybdenum into feldspar lattices, with enough molyb
denum left over to enter into an aqueous ore phase from 
which molybdenum was deposited in its quadrivalent state 
as the stable mineral, molybdenite.



DISTRIBUTION OF MOLYBDENUM BY WATER IN THE SUPERGENE 
ENVIRONMENT, GLOVE MINE AREA

Weathering

The supergene zone Is an open system at the 
earth's surface where free oxygen, low temperatures and 
pressure prevail. Oxygen's affinity to combine with ca
tions through oxidation creates a whole new spectrum of 
minerals stable in the supergene zone. Thus weathering 
essentially is the breakdown and decomposition of primary 
minerals and the resulting formation of stable secondary 
minerals, or soluble oxidation products.

Titley (1963) observes, "Molybdenite in a primary
deposit would decompose in situ, through the action of
ferric sulphate" released by oxidation of associated pyr-
ite. Continuing, Titley notes:

Ferrimolybdite appears to be an end prod
uct of the breakdown of molybdenite in 
the presence of iron in which intermediate 
products form such as Mo-»0g (llsemanite) 
and MoOg4 (the quinquevalent molybdate 
cation). A static environment in which 
the dissolved molybdenite is permitted 
to attain the hexavalent oxidation state 
in the presence of iron would appear to 
be prerequisite to the formation of ferri
molybdite.
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ferrlmolybdlte.M These equations (Titley 1963) might in
dicate the course of formation of ferrimolybdlte:

MoSg +10 HgO = MoOg+ + 2504 + 20 H+ + 19e*"

3MoOj+ + 2H20 = MOjOg + 4H+ + e"

Mo30g + 2|e++ + 4H20 = Pe2(Mo04 )3 + 8H+ + 4e"

Titley (1963) concludes however, "The restricted 
stability range of ferrimolybdlte....suggests that iron 
molybdates are* rather rare.M Vinogradov (1957, p. 280) 
suggests, that "because of the tendency of ferrimolybdlte 
towards easy hydrolysis, the conditions of formation and 
the stability of the mineral must depend to a consider
able extent on the acidity of the solution. The most fav
orable conditions for the formation of ferrimolybdlte ex
ist in solutions with pH = 3, because in the more alka
line solutions the concentration of ferric iron becomes 
too low owing to the precipitation of ferric hydroxide."

No ferrimolybdlte was observed in the Agua Oall- 
ente area of oxidizing molybdenite deposits. It may be 
present, but in such small quantities as to escape detec
tion. The writer suspects that not enough pyrite occurs 
with molybdenite to establish high enough iron concentra
tions to form ferrimolbydite.

In the Agua Caliente area the most important al
teration product of molybdenite is powellite (0aMo04).
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Direct alteration o f molybdenite to powellite Is quite 
intensive in higher areas where ground water flow was 
limited. Powellite, according to Vinogradov (1957, 
p. 281) "forms readily from the reaction between calcium 
and molybdenum salts in neutral media." It is important 
for the formation of powellite that the molybdenum re
leased by the breakdown of molybdenite remain at the site 
of oxidation where it may combine with any calcium car
bonate in the surface environment. If ground water move
ment is too pervasive the oxidation products of molybden
ite will be carried off before powellite may form. Pow
ellite has been observed deep in quartz gangue where mo
lybdenum oxidation products were protected from leaching 
by ground waters. Malyuga (1958) suggests that powellite 
may form when Ho02 ' SO^ combines with calcium carbonate. 
MoOg * SO4. would be released through oxidation of molyb
denite :

2MoS2 + 9 0 2 + H20 = 2(Mo02 • SO4 ) + HgSO^ 
and combine with calcium carbonate to form powellite:

2CaC05 + Mo02eS04 =. CaHoC^ + CaSO^ + 1C02 .
Malyuga (1958) also thinks that it is possible . 

for powellite to convert to ferrimolybdlte in the pres
ence of sulphuric acid released through sulphide oxida
tion:

30aMo04 + 3h 2 S04 + Fe203 = Fe2(Mo04 )5 + 30aS04 + 3H20



Ilsemanlte has not been observed in the vicinity 
of oxidizing molybdenite near Agua Caliente Canyon. Where 
molybdenite is in close association with circulating 
ground waters (of pH 6) in Agua Caliente Canyon, secondary 
molybdenum minerals are rare. Here it is probable that 
due to active ground water circulation, molybdenum ions 
released by molybdenite oxidation are carried away rapid
ly. Thus the concentration of molybdenum ions in solu
tion never becomes sufficiently high for the formation of 
secondary molybdenum minerals in these areas.

Secondary Dispersion of Molybdenum in Stream Sediments

Secondary dispersion of molybdenum results from 
the distribution of molybdenum products through the super
gene environment due to the movement of natural materials. 
Patterns which result from secondary dispersion reflect 
not only the relative abundance of molybdenum in the mov
ing material, but also the chemical equilibria of the en
vironment (Hawkes, 1957). Weathering, erosion, and sur- 
ficlal transportation, mainly by water, are the agencies 
of dispersion (Hawkes, 1957).

The characteristic dispersion patterns observed 
in stream sediments at Agua Caliente Canyon were "trains" 
so called on account of their linear shapes along the 
stream channels. Dispersion patterns in stream sediments
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are "dependent on whether the element moves as a stable 
mineral with the solid load of the stream, as an unstable 
component of the solid load that can go readily into sol
ution with changing conditions, or as soluble matter"
(Hawkes, 1957, p. 301).

The form in which the element is traveling is 
known as the partition of the element. The partition of 
molybdenum in Agua Oaliente Canyon stream sediments be
tween elastics (the solid stream load) and chemical pre- 
cipitants from solution was determined by several consid
erations. First, the theoretical behavior of molybdenum 
in the supergene environment was considered. Since mo
lybdenum occurs in many soluble molybdate ion forms, it 
would be logical to think of the bulk of molybdenum as 
traveling in soluble form in water. While it is travel
ing, changing Eh - pH conditions and the activity of ion 
exchange reactions between molybdenum ions and clays in 
the stream sediment (in addition to the 'sorption' effect 
of the stream sediments) would result in the removal of 
molybdenum from the water into the stream sediment. Any 
insoluble molybdenum-bearing ferric hydroxide or other 
molybdenum-bearing precipitate would settle into the 
stream matrix and also become part of the stream sedi
ments. These molybdenum values removed from solution 
would develop rather long linear dispersion patterns in



the stream sediments known as dispersion "trains." When 
the patterns are produced by precipitation of the element 
from solution they are known as hydromorphic patterns or 
"superimposed" patterns.

At Agua Oaliente Canyon the presence of regular, 
moderately long (up to one mile) weak dispersion trains 
would suggest a hydromorphic origin (Figure 15). More 
positive proof of their hydromorphic origin is indicated 
by comparison of cold extractable molybdenum values to 
total values found by fusion methods. If the ratio is 
high ( > 50$) then the partition favors hydromorphic ori
gin. If the ratio is low ( <  25$) then the partition fa
vors a clastic source. In Agua Oaliente Canyon the ratio 
of cold extractable molybdenum values to total molybdenum 
values in the stream sediments exceeded 50$ indicating a 
hydromorphic origin for the pattern (Figure 15.)

The hydromorphic nature of the molybdenum disper
sion pattern was also indicated by a "displaced" pattern 
which occurred in a stream approximately one hundred meters 
south of the molybdenum-bearing outcrop. In this case, 
bedrock fractures were channeling groundwater from the 
weathering molybdenite outcrop into the stream to the 
south, where conspicuous molybdenum dispersion patterns 
were developed. The stream on which the shaft into the 
actual outcrop of molybdenite was located evidenced only
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FIGURE 15



a slight dispersion of molybdenum in the stream sediments 
(Figures 16, 17, 18, 19, 20).

Secondary Dispersion Anomalies in Stream Sediments

In the vicinity of Agua Oaliente Canyon, weather
ing of molybdenum-bearing bedrock has produced anomalous 
molybdenum dispersion in the stream sediments (Figure 
16). The anomalous dispersion of molybdenum has been su
perimposed upon the barren matrix of the stream sediment 
by precipitation from surface waters. These waters in 
the main streams at Agua Oaliente Canyon are undoubtedly 
fed by springs and ground water seepages. While other 
streams in the area are Intermittent and totally devoid 
of surface waters during the dry months, streams in the 
Agua Oaliente area flow most of the year.

The background value for molybdenum in stream sed
iments for the area is < 5 ppm. In drainages located in 
limestone, molybdenum (1-2 ppm) is practically non-detect- 
able in stream sediments (Figures 16 and 20).

Local variations in the background for molybdenum 
may range as high as 10 ppm. Ten ppm is considered the
"threshold" for molybdenum in stream sediments in the

;: • '

area. Above 10 ppm,, values are anomalous and may have 
significance in terms of primary molybdenum occurrence, 
or may represent local enrichment of molybdenum from source 
material of background composition.
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Contrast between anomalous secondary dispersion 
values and the background may be thought of as “geochemi
cal relief11 (see Figure 21) and in the area under study 
is best expressed as the ratio of anomalous values over 
the threshold. When the contrast is greater than 2, the 
anomaly probably represents source rock which contains 
molybdenum mineralization. At Agua Caliente Canyon the 
degree of contrast results from the overall effect of 
these factors: the high percent of molybdenum present in
the source rock (enrichment factor), the lack of exten
sive mineralization, the lack of extensive oxidation (due 
to lack of pyrite), the high solubility of molybdenum 
resulting from the acidic character (pH 6) of the water 
and the active circulation of water through the mined and 
fractured area of molybdenum :rook, and the relatively 
small effect of dilution by barren water and barren bank 
material.

The highest contrast of anomalous values found in 
the stream sediment at Agua Caliente Canyon was 4 and was 
Intimately associated with the high molybdenum content of 
waters which had circulated through the molybdenum-bear
ing bedrock (Figures 16, 18,ip ). During the dry season 
surface water flow was intermittent and streams running a 
few weeks earlier were now characterized by pools fed by 
water seepages. At this time ground water circulation
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was slower. Thus, the high molybdenum values obtained 
during this period In the stream sediment may be due to 
longer contact of the water with molybdenum-bearing rook, 
permitting greater solution of molybdenum into the water. 
Under these conditions ion exchange reactions and sorption 
of molybdenum by the stream sediments would tend to pro
duce equilibrium between the molybdenum concentration in 
the water.and its concentration in the stream sediments. 
Oo-preclpitation of molybdenum by Insoluble ferric hydrox
ides would also increase the molybdenum content of stream 
sediments. In general the contrast of the stream sedi
ment anomaly was due to the original degree of contrast 
between anomalous and background waters. The dispersion 
anomaly produced in Agua Caliente Canyon was quite homo
geneous in that sediment samples that occur within the 
limits of the anomalous dispersion always were consist
ently anomalous. The dispersion anomaly was inhomogene
ous in that values of the anomalous samples varied from 
the threshold value up to the maximum value of AOppm 
figure . The homogeneity of anomalous samples and the 
sharp out-off of the anomaly upstream indicates that the .
dispersion of molybdenum into the streams is unified and 
probably related to a single primary source. The inhomo- 
genelty of. values indicates that local conditions control- 
led the precipitation of molybdenum from water. Sieving
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all stream sediment through minus 80 mesh helped reduce 
the inhomogeneity.

Decay of the anomalous dispersion in the stream 
sediments was observed downstream from the source. Pro
gressive dilution of the molybdenum content of the water 
was attributed to continuous precipitation of molybdenum 
throughout the stream course, and dilution by the entrance 
of barren groundwater. As the molybdenum content of the 
stream water progressively diminished downstream, the equi
librium between tho molybdenum content of the stream water 
and the matrix (sediment) of the stream channel Increased, 
resulting in less hydromorphia precipitation of molyb
denum. In this manner the molybdenum content of the 
stream sediments decayed downstream. Also dilution by 
addition of barren bank material was instrumental in de
cay. However the dispersion trains were quite persistent 
until they encountered limestone environments.

Anomalous dispersion patterns, were detectable in 
the stream sediments up to one mile downstream from the 
sourcej where they ended abruptly upon entering limestone 
environments (Figures 16 and 20). This seems to indicate 
that molybdenum is very mobile in alkaline waters. It is 
concluded that molybdenum forms linear dispersion pat
terns of moderate distances in stream sediments in non
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carbonate environments and, though molybdenum is a mobile 
element, it is yet responsive to the subtle precipitating 
effects of changing environments.

It seems probable the stream sediment anomalies 
in Agua Oaliente Canyon are due to weathering of molyb
denite bearing alasicite-pegmatlte dikes which intruded 
along the quartz monzonite - Cretaceous sedimentary con
tact. Sharp cut-offs in sediment anomalies occur upstream 
from the outcrop of the molybdenum-bearing dikes. Esti
mation of the extent of molybdenum mineralization by an
alysis of the stream sediment anomaly is in itself not 
sufficient for accurate appraisal. The magnitude of the 
drainage anomaly depends on the total amount of molybdenum 
that has been removed from the primary source. Thus the 
anomaly might mean: a large area of uneconomic low grade
mineralization, numerous very small high-grade deposits, 
numerous small low-grade deposits that have been well 
shattered, or a large deposit of economic mineralization 
(Hawkes and Webb, 1962, p. 287). It is probable that in 
Agua Oaliente Canyon the stream sediment anomaly may be 
interpreted as indicating small high-grade mineraliza
tions. Larger zones of weak molybdenum mineralization may 
be present at depth as indicated by the high molybdenum 
content of the rock forming minerals of the alaskite-peg- 
matite dikes in the quartz monzonite.



Lovering, Huff, and Almond (1950) In their study 
of the dispersion of copper from the San Manuel Porphyry 
Copper deposit found a copper content of 300 ppm In the 
alluvial sediments In the present drainages at a point 
1.4 miles downstream from the deposit. At a point 3.1 
miles downstream the values had decreased to 30 ppm or 
background. Though a strong copper anomaly was Indicated 
near the ore body. It rapidly diminished downstream with 
distance, blending Into the high background. In such 
cases, ore bodies may be totally missed, unless geochemi
cal sampling Is done at relatively close Intervals.
Thus, the need for a "pathfinder" element Is evident.
Such an element might be molybdenum which Is genetically 
associated with porphyry coppers but whose background In 
stream sediments Is low enough to permit anomalous amounts 
to be easily distinguished.

A strong anomalous dispersion of molybdenum was 
found In the stream sediment downstream from the Isabella 
deposit at Montosa Canyon (Figure 16). Here the disper
sion was proved to be of clastic origin. It was noted un
der a binocular microscope that the stream sediment here 
contained an abundance of hematite fragments and cryso- 
colla. A magnetic separation was made so that a concen
trate of hematite fragments was separated from the cryso- 
colla. One tenth of a gram of the hematite fraction was 
analysed by the same fusion procedure and found to contain
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over 2 times the molybdenum content of the unseparated 
fraction, and 4 times the molybdenum content of the crys- 
ocolla fraction. It was concluded therefore that the 
hematite fragments were carrying the molybdenum and were 
responsible for the dispersion. The molybdenum was prob
ably absorbed in the hematite in substitution for Fe*4-4", 
as weak HOl-hot water baths removed less than 25/6 of the 
molybdenum.

Dispersion Aureoles in Water

A conspicuous dispersion aureole of molybdenum 
(Figure J9) was observed in surface waters and was attri
buted to the same molybdenum-bearing bedrock which pro
duced the stream sediment anomally in Agua Oaliente Can
yon. This area which rendered the highest stream sedi
ment anomalies also rendered the highest water anomalies, 
lending further weight to the hydromorphlc origin of the 
anomalous values in the stream sediment. Anomalous water 
values ran from 50 ppb to 1200 ppb, the highest value.
High values were found in waters in a shaft sunk into 
molybdenum-bearing rock. Mining activity and well devel
oped fractures have aided the circulation of ground waters 
through the molybdenum-bearing bedrock accounting for 
higher water values than might be expected. The water a- 
nomaly gradually decays downstream due to dilution by



by barren waters and molybdenum removal at precipitation 
barriers.

Vinogradov (1957) sampled ground and surface wa
ters In the lyrny-Aus molybdenum district In the USSR.
He found that distinct halos of molybdenum dispersion are 
detectable in waters issuing from oxidizing molybdenum 
deposits. The background of molybdenum in waters was 
3 ppb. Near the molybdenum deposits, anomalous water con
tained from 10 ppb up to 10 ppm. These figures evidence 
close correspondence with the value of anomalous waters 
in Agua Oallente Canyon.

Vinogradov (1957) also made an estimate of the 
amount of molybdenum being actively transported by waters 
out of the Tyrny-Auz molybdenum deposit (in skarn where 
the mobility of molybdenum is probably higher than nor
mal). He concluded that the Tyrny-Auz River carries out 
an average of 4.5 Kgms. of molybdenum every 24 hours. 
Multiplying this removal over a reasonable geologic time 
of 10,000 years, would result in over 35 million pounds 
of molybdenum removed by water.

Seasonal variations in the amount of molybdenum 
carried by waters certainly are important but hard to 
predict unless observations are made over the course of 
several years. Molybdenum values in water will probably 
be highest at the onset of the rainy period, after the 
prolonged dry season which occurs in the arid climate of
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Southern Arizona. This is due to the leaching of accumu
lated oxidation products. The analyses of water in the 
Agua Oallente Canyons area were made in the spring before 
the summer rains.

Molybdenum Mobility Increased by Limestone

The extreme mobility of molybdenum in water in 
alkaline environments was noted during the progress of 
the geochemical survey. In areas of carbonate rock, mo
lybdenum was virtually non-detectable in stream sedi
ments. Anomalous dispersion trains of molybdenum ended 
abruptly in carbonate rocks.

The reasons for this high mobility may be sugges
ted by examination of the geochemistry of molybdenum at 
higher pH values which would be produced by carbonate 
rocks. Under alkaline pH conditions produced by contact 
with carbonate rocks, molybdenum is soluble in water as 
the molybdate anion, Mo0^= . Secondary molybdenum min
erals which fix molybdenum and retard its mobility are 
decomposed at higher ( > 9) pH conditions.

The breakdown of secondary molybdenum minerals is 
principally due to hydrolysis which occurs as the acid 
waters are neutralized by carbonate rocks, releasing sol
uble molybdate ions:
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i f + = Pe(0H,3 +

6H20 + Fe2(MoOA )5 = 2Fe(0H)5 + 3H^04” + 3H+ 
f errimolyMite

(after Tltleyj.1963)
Vinogradov (1957) suggests that the effect of in

creasing the pH of the acid environment in which ferri- 
molybdite is stable, causes the hydrolysis of ferrimolyb- 
dite releasing soluble molybdic acid;

Fe2(Mo04)5 + 6H20 = 2Fe(0H)5 + 3H2Mo04 
(ferrimolybdlte) (molybdic acid)

Some of the molybdenum released is absorbed by 
the precipitating ferric hydroxides. However, Jones 
(1956) has demonstrated that the higher the pH at which 
the hydrolysis occurs, the less the molybdenum that oan 
be absorbed by ferric hydroxide (refer to following 
page). In addition, the ferric hydroxide thus precipita
ted would become gradually impoverished in molybdenum due 
to the leaching effect of stream and ground waters (Vino
gradov 1957)•

Mobility of Molybdenum Retarded by Iron Compounds

Molybdenum's mobility in water is chiefly due to 
the formation of soluble molybdenum ions. Molybdenum's 
mobility is retarded at low pH's by the formation of in
soluble stable secondary molybdenum minerals, including: 
ferrimolybdlte, powellite, and to a lesser extent
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llsemanite. Molybdenite oxidizing under low pH*s may 
form these secondary minerals if sufficient concentra
tions of molybdenum ions build up before removal by ground 
waters.

Once molybdenum ions enter the ground waters, it 
is relatively mobile unless iron concentrations are pres
ent. In this case ferrimolybdite might form, but more 
likely there would be co-precipitation of molybdenum with 
ferric hydroxide formed during hydrolysis at mildly acid 
pH’s approaching neutralization. Titley (1963) has ob
served in laboratory experiments that ferric hydroxide 
precipitating in the presence of molybdenum during hydrol
ysis may contain up to molybdenum.

Jones (1956) in connection with plant nutrient 
studies, precipitated ferric oxide in the laboratory in 
the presence of solutions of sodium molybdate. He found 
that the ferric oxide removed the following amounts of 
molybdenum from solution:

100 |jg at PH 4
100 y s  at PH 5
100 pg at PH 6
98 pg at PH 7
83 pg at PH 8
22 pg at PH 9

Jones concludes (1956, p. 1116) that the "effect 
of pH on the availability to plants of Mo in soils is



related principally to the absorption of molybdenum prob
ably as the molybdate anion on ferric oxides.M At higher 
pHr values the molybdenum sorbed on the surface of ferric 
oxides are replaced by hydroxyl ions.

Fixed molybdenum halos in soils over porphyry cop
pers at the Silver Bell Mine have been observed (Berry 
Watson, 1964, personal communication) indicating that 
iron released through oxidation of associated pyrlte 
tends to retard molybdenum’s mobility by formation of 
either stable iron molybdate or absorption of molybdenum 
by hydrated ferric oxides.

Molybdenum Migration Controlled by Structure

The abrupt disappearance westward of molybdenum- 
bearing surface water in Agua Caliente Canyon upon near
ing the contact of the Cretaceous sediments with the 
thrust faulted limestone, indicates that the water is 
percolating downward through the shattered contact to be
come part of the subsurface water flow.

It seems probable that the movement of molybdenum- 
bearing groundwater would then be to the south, following 
the southward dip of the permeable thrust plane at the 
base of the Pennsylvanlan-Permian limestones between Agua 
Caliente and Cottonwood Canyons (Figure 20). The thrust 
plate would represent a permeable zone '(aquifer ?) and 
would be a natural pathway for the sustained movement
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of groundwater southward from Agua Oaliente Canyon.
Since the Glove Mine is located in the Southern extremity 
of the thrust plate, molybdenum-bearing water would pass 
by in close proximity. A considerable fraction of the 
waters would be channeled into the major faults caverns 
and bedding plane faults of the Glove Mine. Caverns 
formed by earlier leaching of carbonate rooks (due to 
acids produced during oxidation of sulphide minerals) 
would be especially favorable channels for downward per
colation of the molybdenum-rich waters. The southward 
movement of molybdenum-bearing water may have been aided 
by a hydrostatic head inherited from source water origina
ting high in the Santa Rita Mountains to the east. Such 
artesian pressure would maintain active circulation of 
fresh molybdenum bearing water through the thrust plate, 
and through the caverns of the Glove deposit.

Precipitation of Wulfenlte from Molybdenum-Bearing Waters

The origin of the secondary lead molybdate, wul-
fenite, has been ascribed by various writers to: in situ
oxidation of molybdenite (Lindgren, 1928); the oxidation

* •of galena, sphalerite, and pyrite which contain traces of 
isomorphous molybdenum (Mewhouse, 1934); deposition from 
hypogene solutions (Peterson, 1938), and precipitation



from molybdenum-bearing meteoric water in the presence of 
lead ions.

Ho trace of molybdenite has been found at the 
Glove Mine and spectrographic analysis of Glove galenas 
has failed to reveal any significant molybdenum content 
(Olson, 1961 ).

It is not logical to attribute wulfenite at the 
Glove Mine to introduction by hypogene solutions, as sug
gested by Peterson (1938) for the wulfenite deposits in 
the Mammoth mining camp. Peterson suggests that the wul
fenite belongs to a hypogene period "that was later than 
the sulphides yet distinctly earlier than the supergene 
minerals." This theory appears untenable in the case of 
the Glove wulfenite deposits. No evidence suggesting a 
hypogene origin for the wulfenite has been observed at 
the Glove Mine. The wulfenite may even be later than the 
supergene minerals, though Olson (1961) places the wul
fenite at the Glove Mine as part of the supergene suite 
of minerals. Wulfenite at the Glove Mine was particular
ly common along cavernous water courses where it occur
red as encrustations of crystals on the walls and roof.
It is suggested that the wulfenite crystalized along 
these water courses because the molybdenum ion was in
troduced along these channels. In the presence of oxi
dized lead, with sufficient molybdate ion concentrations
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present, wulfenlte would be the stable mineral (Olson,
1961).

It seems logical that several tons of molybdenum 
might have been carried Into the Glove Mine by ground 
waters. Considering the present high concentration of 
molybdenum in the waters of Agua Oaliente Canyon and the 
length of geologic time available for circulation of 
structurally controlled molybdenum-bearing waters through 
the Glove deposit, it would not be difficult to build up 
a large concentration of wulfenlte.



CONCLUSIONS

Several Important conclusions may be drawn:
1. Dispersion trains of moderate lengths (up to 

1 mile) may develop in stream sediments in the Southwest 
due to the hydromorphic dispersion of molybdenum from 
oxidizing deposits.

2. These dispersion trains are detectable by the 
molybdenum thiocyanate colorimetric method.

3. The cold leach method would be applicable for 
anomalous molybdenum detection if the dispersions appear 
to be of hydromorphic origin.

4. Geochemical analysis of stream sediment for 
molybdenum as a pathfinder for Cu may be a useful tool 
for detecting porphyry coppers that are covered by 
alluvium.

5. Molybdenum appears to be highly mobile in 
water in limestone environments. Molybdenum dispersion 
patterns are conspicuously absent in stream sediments in 
limestone environments.

6. Molybdenum may travel great distances in water 
soluble form to form secondary molybdenum deposits suoh
as at the Glove Mine.
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7. The migration of molybdenum to the Glove Mine 

supports the contention that a thrust plane exists under 
the Pennsylvanian-Permlan limestones near the Glove Mine.
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• APPENDIX

Determination of Total Molybdenum Content 
by the Fusion Method

Steps
1) Fuse O.lg sample with 0,5 KHSO/,., Cool melt on side 

of tube,
2) Add 10 ml of 10$ NaOH (aqueous) and place in hot 

water bath - intense cooking. Break up well with 
stirring rod,

5) Remove tube from water bath, allow ppt. to settle.
4) Take suitable aliquots from sample solution (1-5 ml) 

and place in screw-cap culture tube (16 x 150), and 
add 1 drop phenolphthaleln.

5) Make just acid by adding successive drops of HC1, us 
Ing HOli of a oonoentration so as not to fill culture 
tube more than about 1/2. (For a 5 ml aliquot use 
oonc.HOl; for 1, 2, 3 ml aliquot use 111 HCL,)

6) Add 0.5 ml KSON (10$). Make up fresh daily.
7) Add 1.0 ml SnOlg (10$). Allow to stand 30 seconds 

to a minute. Make up fresh daily.
8) Right away add .5 ml Isoamyl acetate and shake for 

30 sec. Then compare amber color with standards. 
(Standards are made up fresh every 24 hours.)
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9) Calculate the molybdenum content (refer to section on 
calculation of molybdenum content).

Reagents
1) HaOH - 10 % aqueous
2) KSON - 1C$ aqueous - make up fresh dally
3) Sn012 - \0%\ dissolve 10 g (SnClg • 2H20) In 1? ml 

cone. HCL and dilute to 100 ml with HgO. Make up 
fresh dally.

4) Isoamyl Acetate
USB METAL FREE REAGENTS,

Determination of Molybdenum Content by 
Cold Acid Extraction Method

(after Ward, Lakln et al, 1963)
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Steps
1) To 0.1 g sample In an 18 x 150 mm culture tube, add 

1 ml cone. HgSO^ and 1 drop cone. HNO^.
2) Add 4 ml reagent No. 1 and 1 ml Isoamyl acetate; 

stopper and shake contents of tube for $ minute.
3) While the tube stands to allow the phases to separate, 

prepare another culture tube by adding to It 5 ml 
reagent No. 2.

4) From the first tube, transfer 0.5 ml of the separated 
isoamyl acetate layer to the second tube containing 
reagent No. 2, stopper, and shake the tube for 10 sec.



5) Compare amber color of Isoamyl acetate layer with that 
of the standards.

6) Calculate the molybdenum concentration in the sample 
(refer to instructions given under calculation of 
molybdenum content).

Reagents
Ammonium thiocyanate solution (HH^SCN), 5%: dissolve

5 g. of the salt in 100 ml water!.(prepare fresh 
daily).

Citric acid, reagent grade
Hydrochloric acid, concentrated
Isoamyl acetate
Nitric acid* concentrated
Standard molybdenum solutions (described later)
Stannous chloride solution, \0%i .Dissolve 10 g SnOlg • 

2HgO in 17 ml cone. HOI and dilute to water to 100 ml. 
(prepare fresh daily).

Sulfuric acid, concentrated
Reagent No. 1: Dissolve 40 g citric acid in 100 ml 6N HOI.
Reagent No. 2: 'To 50 ml water add 5 ml cone. HOI, 5 ml

NH^SCN solution and 5 ml SnOlg solution. 
(prepare fresh daily).
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Preparation of Molybdenum Standards
(For Colorimetric Determination of 

Molybdenum Content)

Steps
1) Standard molybdenum solution, 100 miorograms Mo/ml: 

(dissolve 0.075 gms of pure MoO-j in dilute HaOH. 
Dilute with HgO and add HOI until solution is just 
acid. Bring to 500 ml with additional HgO,

2) 1 microgram (jjg.) Mo/ml solution: (take 1 ml of the
100 miorogram solution prepared in step 1 and dilute 
to 100 ml with HgO.

3) Make molybdenum standards by taking successive 
aliquots of: 0.2 ml, 0.4 ml, 0.6 ml, 1.0 ml,
2.0 ml, 5.0 ml, 10.0 ml, and 20.0 ml from the 
solution prepared in step 2.

4) Deposit each aliquot in a separate 20 ml culture 
tube and label each culture tube according to the 
size aliquot (0.2 ml aliquot = 0.2 p g of molybdenum, 
0.4 ml aliquot = 0.4 p g of molybdenum, etc.)

5) Run the standards beginning with step 6 of the 
fusion method.



87
Calculation of Molybdenum Content

Stream Sediment and Rook Samples
Substitute values into this equation:

ppm
of = (al of sample solution) 

molybdenum (wt. of sample In sms)
* (color value in U K. of Mo)(ml of aliquot of sample solution)

Water Samples
Substitute values into this equation:

ppm
of e color value in u K. of Ho 

molybdenum ml of sample solution
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Notes on Procedure

1) The fusion method extracts virtually all molybdenum 
present, Including molybdenum In lattices of other 
minerals.

2) The cold acid extraction method removes only that 
molybdenum which is loosely bonded.

3) When moderate to large numbers of samples are to be 
analyzed, It is best to pass all the samples through 
each step before the next step Is commenced.

4) A bulb pipette should be used In all aliquot proce
dures; pipetting by mouth is dangerous and should be 
avoided to prevent toxic chemicals and their fumes 
from accidentally entering the mouth.








