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STRUCTURAL AND IGNEOUS GEOLOGY OF THE LA SAL MOUNTAINS, UTAH

BY CHARLES B. HUNT

ABSTRACT

The La Sal Mountains, in central-eastern Utah, comprise 3 of 
the 15 laccolithic mountain groups on the Colorado Plateau. 
The mountains include 3 masses that are distinct topo 
graphically and geologically; each of the 3 consists of a stock 
surrounded by a cluster of laccoliths that radiate from the stock.

Sedimentary rocks exposed in the La Sal Mountains are 
mostly of Mesozoic age, but some are late Paleozoic. The 
rocks of late Paleozoic age include the highly incompetent or 
even plastic salt beds of the Paradox member of the Hermosa 
formation. The intrusives are Tertiary.

The intrusions are in the midst of a series of salt anticlines 
and synclines whose axes trend northwest. Although the fold 
ing and attendant faulting in the area around the La Sal Moun 
tains are chiefly the result of late Late Cretaceous or early Terti 
ary deformation, the structural history is complicated because 
there has been repeated plastic deformation of the salt beds and 
the strata arched over them. These structures antedate the intru 
sions and are not believed to be causally related to them.

North La Sal Mountain is located on an anticline, South La 
Sal Mountain is in a faulted syncline, and Middle La Sal Moun 
tain is in an area of gentle homoclinal dips between these two 
structures. The North La Sal Mountain forms a dome 10 miles 
long and 5 miles wide, and the uplift on it exceeds 6,000 feet. 
This dome is greatly elongated northwesterly, parallel to the 
axis of the anticline in which it is located. The Middle Mountain 
dome is nearly circular in plan, about 5 miles in diameter, and 
about 3,500 feet high. South Mountain dome is 6 miles long, 
4 miles wide, and about 6,000 feet high. At the center of each 
of these domes is a stock, and radiating from each stock are 
laccoliths. The domes are attributed to the physical injection 
of the stocks. In the North and South La Sal Mountains the 
laccoliths spread in the salt beds of late Paleozoic age; in the 
Middle La Sal Mountain the laccoliths spread in shale of late 
Cretaceous age.

At each of the mountains the earliest intrusions were diorite 
porphyry and most of the laccoliths are diorite porphyry. As 
in the Henry Mountains, these dioritic rocks contain many 
amphibolite inclusions. At the North La Sal Mountain the 
diorite porphyry was followed by monzonite porphyry, mostlj 
in the form of dikes and sills. In the North La Sal stock the 
monzonite porphyry was followed successively by a dike-swarm 
complex of dominantly syenitic rocks, a series of feldspathoidal 
dikes, and an irregular mass of soda syenite. These intrusions 
were accompanied by hydrothermal activity that extended out 
ward from the stock along zones of vertically sheeted joints 
that had been developed in the earlier diorite porphyry laccoliths.

At this stage in the history of the North Mountain the roof 
over the intrusions became breached and explosion breccias 
developed in four major pipelike masses and in several lesser

ones. These explosion breccias undoubtedly mark the roots 
of volcanoes. Associated with the breccias are intrusions of 
aegirine granite porphyry and soda rhyolite porphyry.

The field evidence and the inferred physical-chemical condi 
tions can be interpreted to mean that the La Sal magmas did 
not evolve from a primary basalt by crystal differentiation. It 
is suggested that the magmatic sequence and hydrothermal 
effects could be derived by the following sequence of events:

1. Partial fusion of amphibolite or related heteromorphous 
metamprphic rocks to a dioritic melt containing unfused horn 
blende-rich remnants of the original metamorphic series.

2. Physical injection upward of the palingenetic melt, carry 
ing suspended unfused fragments.

3. Continued melting of the leftover hornblende remnants 
in the substratum, changing the composition of the melt to a 
more alkalic and more femic liquid which, rising in the stock 
with attendant filtration and other differentiation, produced 
injections first of monzonite and then of syenite.

4. As activity waned and crystallization progressed the in 
crease in gas pressure in the stock blasted a series of diatremes 
through the arched roof.

5. Retrograde boiling of the rest magma as a result of this 
release of pressure developed a gaseous diffusion column in the 
stock and produced a silica-rich liquid represented by the 
aegirine granite and soda rhyolite porphyries.

INTRODUCTION

The La Sal Mountains, in eastern Utah, include 3 of 
the 15 laccolithic mountain groups on the Colorado 
Plateau (fig. 105). These 15 igneous centers seem to 
represent one general intrusive process that operated 
under very similar physical and chemical environments 
but was arrested at different stages of development in 
the mountain groups. Evidence indicates that the 
differences in structure and paragenesis between the 
five Henry Mountains, and between them and the 
La Plata and Navajo Mountains, are due to differences 
in the stage reached by the intrusive process and not 
to differences in depth of erosion (Hunt, C. B., 1953).

Development of this concept suggested the desir 
ability of mapping all the laccolithic mountains on the 
Colorado Plateau in order to determine if they repre 
sent working models illustrating different stages in the 
igneous process. Comparison of the stages then would 
lead to .better understanding of the process and perhaps 
provide information helpful in interpreting igneous
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Cenozoic igneous rocks 

Outline of Colorado Plateau

FIGURE 105.—Index map showing location of the La Sal Mountains, Utah, and other igneous centers on the Colorado Plateau.

and hydrothermal phenomena in areas where the composed of porphyry intrusions that deformed the
geology is more complex. This report on the La Sal adjacent strata.
Mountains is a part of that larger program. In 1905 the mountains were visited briefly by L. M.

PBEVIOUS INVESTIGATIONS Prindle, Whitman Cross, W. H. Emmons, G. F. Kay,
The first geologic studies in the La Sal Mountains and L- H - Woolsey of the U. S. Geological Survey. No

were made during the seventies under the auspices of formal report of their findings was published, but
the Hayden Survey (Peale, 1877b and 1878). This Prindle sampled some of the intrusive rocks and deter-
examination disclosed that the La Sal Mountains are mined the presence of alkalic rocks.
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The general geology and mineral deposits of the La 
Sal Mountains were summarized by Hill (1913) and 
later by Butler (1920).

The first comprehensive study of the mountains was 
by Gould (1925, 1926) who confirmed the earlier 
inference that the mountains are laccolithic, and 
therefore similar to the others on the Colorado Plateau.

Other reports describing the geology of surrounding 
areas, or discussing problems related to the La Sal 
Mountains, are listed in the bibliography.

PRESENT INVESTIGATION AND ACKNOWLEDGMENTS

The fieldwork on which this report is based was 
done during parts of the summers of 1947, 1949, 1950, 
and 1952. The mapping was done on contact prints of 
airplane photographs and transferred to a mosaic that 
was used for the planimetric base. The planimetry of 
the mosaic was corrected in part by locating about 
50 land corners and comparing the surveyed distances 
with those measured from the mosaic.

The topographic contours for plate 39 were sketched 
by hasty planetable methods. Vertical angles to known 
points on the mountainsides were measured by alidade, 
and horizontal distance was measured on the mosaics as 
corrected in the field. The topography on the map of the 
North La Sal stock (pi. 40) was prepared by multiplex 
methods by the Topographic Division of the U. S. 
Geological Survey, using vertical control provided by 
me. The topographic survey of the La Sal Mountains 
represented by the topographic quadrangle maps was 
made after this report and accompanying maps had 
been prepared.

The general mapping of the mountains was completed 
in 1949. The seasons of 1950 and 1952 were devoted 
to mapping and studying the North La Sal stock.

In these studies it was my good fortune to have had 
visits and helpful suggestions from many colleagues. 
Earl Ingerson visited me in the field in 1950. Aaron 
Waters spent most of the 1952 field season helping to 
map and to interpret the North La Sal Stock.

My wife, Alice P. Hunt, managed the commissary 
at the field camps and conducted a companion study 
(1953) on the archeology of the area. G. M. Kichmond 
is reporting on the Quaternary geology.

Fieldwork was greatly facilitated by the kindness of 
the local residents, especially Mr. and Mrs. Gordon 
Fowler. Mr. Q. D. Hanson, U. S. Forest Service, 
rendered many favors.

GENERAL SETTING OF THE MOUNTAINS

The La Sal Mountains are in the central part of the 
Colorado Plateau in eastern Utah, 10 miles from the 
Colorado boundary. The mountains (fig. 106) com 
prise three masses that are distinct topographically

307
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SPANISH VALLEY AND 
PACK CREEK SYNCLINE

EXPLANATION 

• Intrusive igneous rocks

Outcrop of Paradox member of 
Hermosa formation, generally 
in graben on anticline

t____ ___ 
Fault, symbol shows downthrown side

20 Miles 
I

FIGUKE 107.—Generalized map of part of eastern Utah and western Colorado showing relation of the La Sal Mountains to other structural
after Dane, 1935).
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and geologically; each of the three consists of a stock 
surrounded by a cluster of bulbous intrusions—lac 
coliths whose long axes radiate from the stock.

North Mountain, the largest, has several peaks 
higher than 12,000 feet in altitude, and about 15 square 
miles of the mountain is higher than 11,000 feet. 
Middle Mountain has the highest peaks in the La Sal 
Mountains, and two of them, Mount Peale and Mount 
Tukuhnikivatz, reach nearly to 13,000 feet. But the 
area of Middle Mountain that is higher than 11,000 
feet is only about half that of North Mountain. South 
Mountain has a single peak higher than 12,000 feet, 
but only about 2% square miles of this mountain is 
higher than 11,000 feet. The three mountains are 
separated by passes that are slightly above 10,000 feet 
in altitude.

Around the foot of the mountains are the mesas and 
canyons so typical of the Canyon Lands section of the 
Colorado Plateau. The Colorado Eiver, about 15 
miles northwest of the mountains, is at an altitude of 
about 4,000 feet.

The higher peaks are timberless boulder fields, with 
out vegetation except for scattered lichens. Below 
about 11,500 feet in altitude, however, the mountainous 
ridges and valleys are forested, with spruce-fir forest 
at high altitudes, aspen and Douglas-fir at intermediate 
altitudes, oak brush below this, and pinon-juniper 
woodland around the base. Most of the forests are 
open stands of timber interspersed with meadows.

The mountains were glaciated in Pleistocene time 
and the Pleistocene deposits are an extensive cover. 
Bedrock exposures are few, and most of the bedrock 
mapping had to be based upon float.

The La Sal Mountains are in the midst of the north 
west-trending salt anticlines (fig. 107), and in this re 
spect they are unique among the laccolithic mountains 
on the Colorado Plateau. The intrusions penetrated 
the salt beds and apparently pushed them aside. In 
the Middle La Sal Mountain they rose into and domed 
the overlying formations of Mesozoic age in the same 
manner as in the other laccolithic mountains of the 
Colorado Plateau.

STRATIGRAPHY

The sedimentary rocks exposed in the La Sal Moun 
tains include units of late Paleozoic, Triassic, Jurassic, 
and Cretaceous age. In addition there are extensive 
surficial deposits of Quaternary age and one moderately 
well consolidated gravel deposit that probably is of

late Tertiary age. The intrusive rocks probably are 
Tertiary.

Because of poor exposures in the mountains, the 
bedrock sedimentary formations have not been sub 
divided as finely as they have been in the adjacent 
parts of the plateau where exposures generally are ex 
cellent. Indeed, the 20 or so formations and members 
that have been mapped in adjoining areas are grouped 
into only 4 mappable units in parts of the mountains.

At most places the Triassic and older rocks have 
been grouped together for mapping. Locally individual 
formations of Triassic, Permian, or Pennsylvanian age 
can be identified, but the boundaries between them 
cannot be distinguished consistently enough to warrant 
mapping them over large areas.

The Glen Canyon group and the lower part of the 
San Rafael group comprise five distinguishable forma 
tions in adjoining areas, but these have been grouped 
together into a single mappable unit in the mountains. 
The Wingate, Navajo, and Entrada sandstones are 
conspicuous cliff formers in the canyons of southeastern 
Utah but they are not at all well exposed in the La 
Sal Mountains. Here they are thoroughly fractured 
by joints as a result of folding, and during the Pleisto 
cene they were largely reduced to rubble by frost ac 
tion. Nowhere in the mountains do these sandstone 
formations form extensive cliffs; in fact, few outcrops 
of them are satisfactory for measuring strikes and dips.

Around the base of the mountains the Morrison and 
related formations are reasonably distinctive, but in 
most of the La Sal Mountains these deposits are shown 
as a single unit, locally including, at the top of the for 
mation, some sandstone beds that belong to the 
Dakota.

Overlying the Morrison formation is the Mancos 
shale. A conglomerate in Castle Valley may be late 
Pliocene in age.

Only meager data are available about the thickness 
and kind of rocks that underlie the exposed formations. 
In adjoining areas more than 3,500 feet of sedimentary 
rocks of late Paleozoic age lie between the Precambrian 
basement and the Triassic formations (Dane, 1935, p. 
19-20). The upper part of these formations of Paleo 
zoic age consists of interbedded competent sandstone 
and incompetent shale beds, but the lower part con 
stitutes the thick highly incompetent gypsum and salt- 
bearing Paradox member of the Hermosa formation.

The rock formations that were penetrated by the 
intrusions, so far as they are known, are summarized 
in the table below.

448662—58———2
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Rock formations cut by the intrusions in the La Sal Mountains

System

Cretaceous

o• P"t

i
1-9

Jurassic and 
Jurassic (?)

Jurassic (?)

Triassic

Series

Upper Cretaceous

Upper and 
Lower(?) 

Cretaceous

Upper Jurassic

Upper and Middle 
Jurassic

Lower 
Jurassic (?)

Upper Triassic

Middle and 
Lower 

Triassic

Group

a
o f-<
&C

"o

A 08
tf
a 08

02

a
oi->
&D
a o >,a
c3
U 
aa>
3

Formation

§5
CJ c8 
C3-C
S*

§3o
If «I

Morrison formation

Summerville 
formation

Entrada 
sandstone

Carmel 
formation

Navajo 
sandstone

Kayenta 
formation

Wingate 
sandstone

Chinle 
formation

Shinarump 
conglomer 

ate

Moenkopi 
formation

Member

i

Thickness (feet)

500+

50-120

800

0-50?

275

0-25?

300

250

300

300

Probably not 
present in 
mountains.

500?

Description of rocks

Lead-gray marine fossiliferous shale; some 
nodular limestone in concretions as much 
as 2 feet in diameter. Includes a poorly 
cemented sandstone (Perron sandstone 
member) about 60 feet thick in lower Pack 
Creek. Structurally an incompetent unit.

Interbedded sandstone, shale, siltstone, and 
coal. Well-bedded sandstone; shale and 
carbonaceous siltstone. Mapped with 
Morrison formation. Alternating com 
petent and incompetent beds.

Upper part, 125 feet thick, consists of sand 
stone, conglomerate, limestone, and shale. 
Firmly cemented sandstone; in part 
conglomerate with black and gray chert 
pebbles; sandstone beds 25 feet thick. 
Gray masssive limestone, generally a few 
feet thick and lenticular; abundant red 
and white chert. Variegated shale. On 
the map, Dakota sandstone generally is 
included with these beds; the two consist 
of alternating competent and incompetent 
beds. 

Middle part, 375 feet thick, is mostly shale, 
variegated red, green, and purple. Some 
lenticular sandstone. Incompetent unit. 

Lower part, 300 feet thick, is mostly sand 
stone with some interbedded shale. Sand 
stone in thick firm beds. Competent unit.

Not mapped separately; if present, this 
formation has been included with the 
Morrison. Probably an incompetent unit.

Massive sandstone. Competent unit. 
Mapped with Glen Canyon group.

Not recognized but probably present. Prob 
ably an incompetent unit.

Massive sandstone. Competent unit. 
Mapped with Entrada sandstone and rest 
of Glen Canyon group.

Bedded sandstone. Competent unit. 
Mapped with rest of Glen Canyon group 
and Entrada sand stone.

Massive sandstone. Competent unit. 
Mapped with rest of Glen Canyon group 
and Entrada sandstone.

Irregularly bedded sandstone, siltstone, and 
shale. Alternating competent and in 
competent beds. Mapped with other 
Triassic and older formations.

Firm conglomerate; not recognized but 
possibly present. Competent unit. Mapped 
with other Triassic and older formations.

Thinly bedded and well-bedded shale and 
sandstone. Alternating competent and 
incompetent beds. Mapped with other 
Triassic and older formations. Thickness 
uncertain because of doubt regarding 
boundary with Cutler formation.
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Rock formations cut by the intrusions in the La Sal Mountains—Continued
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System

Carboniferous systems?

Permian and 
Pennsylvanian

Pennsylvanian

?

Precambrian

Series

?

Group

?

Formation

Cutler 
formation

Rico
formation

Hermosa 
formation

?

Member

Paradox 
member

?

Thickness (feet)

1, 000?

200?

1, 500?

1, 000+

?

Description of rocks

Largely red sandstone, well-bedded and 
thinly bedded. Moderately competent 
unit. On the map this unit is included 
with the Triassic and older formations.

Sandstone, conglomerate, and limestone. 
Grades laterally into lower part of Cutler 
formation and may not be a separate 
formation beneath La Sal Mountains. 
Competent unit.

Limestone, sandstone, and shale; marine. 
Moderately competent unit.

Sandy shale, sandstone, dense gray lime 
stone, black shale, gypsum, and rock salt 
Plastic unit.

?

Granite, granite gneiss, biotite schist, horn 
blende schist, and amphibolite.

CONCEALED FORMATIONS

PRECAMBRIAN COMPIJEX

Exposures of Precambrian rocks nearest to the La 
Sal Mountains are about 25 miles to the northeast in 
the Uncompaghre Plateau. Here the Precambrian 
rocks include strongly foliated biotite gneiss, hornblende 
and biotite schist, and coarsely crystalline biotite gran 
ite with associated pegmatitic phases (Dane, 1935, p. 
20-24). The coarsely crystalline granite is cut by 
stringers and dikes of finer grained granite. Pegmatite 
veins cutting the granite consist mostly of pink feldspar 
and a smaller proportion of quartz in masses almost as 
large as the feldspar. The granite contains microcline 
but no plagioclase, less quartz than feldspar, and less 
than 10 percent of biotite, chlorite, and muscovite 
(Dane, 1935, p. 21-22).

Fine-grained biotite gneiss, locally containing small 
garnet porphyroblasts, is interlayered with hornblende- 
quartz schist. Also present is a garnetiferous biotite- 
hornblende gneiss, abundantly injected with quartz and 
pegmatite, the latter locally containing considerable 
black tourmaline (Dane, 1935, p. 22-23).

The Precambrian rocks in the San Juan Mountains 
(Cross, Howe, and Irving, 1907, p. 1) and in the Gunni- 
son River region (Hunter, 1925) are similar to those 
in the Uncompahgre Plateau.

The Precambrian rocks are important to the geology 
of the intrusions in the La Sal Mountains in several 
ways. In the first place their foliation in the Uncom 
pahgre Plateau is oblique to the axis of that plateau 
and to the axes of the anticlines in the vicinity of the 
La Sal Mountains. This foliation and related struc 
tures in the Precambrian rocks in some way must have 
controlled the locations of the laccolithic mountains—far

more so, at least, than the obvious structures in the sedi 
mentary formations at the surface which do not seem 
to have affected the distribution of the igneous centers 
on the Colorado Plateau (Hunt, 1956, p. 63). Second, 
the Precambrian rocks are much more competent struc 
turally than the overlying sedimentary formations, and 
this probably is why the intrusions crosscut the Pre 
cambrian rocks with little or no lateral spreading in 
them (Hunt, C. B., 1953, p. 142). Third, the xenoliths 
of Precambrian granite, gneiss, and schist in the diorite 
porphyry may provide some clues about the nature 
and origin of the amphibolite inclusions in the porphyry 
(p. 349; Hunt, 1953, p. 164). Finally, it may be more 
than coincidence that alkalic rocks occur in the Pre 
cambrian (Cross and Larsen, 1935, p. 24) as well as in 
the La Sal Mountains.

CARBONIFEROUS SYSTEMS

PENNSYLVANIA]* SYSTEM 

PARADOX MEMBER OF THE HERMOSA FORMATION

The Paradox member of the Hermosa formation, of 
Pennsylvania!! age, is a thick sequence of highly incom 
petent—indeed plastic—salt, gypsum, limestone, sand 
stone, and petroliferous shale. Under the salt anti 
clines the formation is at least 1,000 feet thick and has 
given rise to many salt plugs. Castle Valley northwest 
of North Mountain and Spanish Valley northwest of 
South Mountain are examples (Baker, 1933). The 
Paradox member may be underlain by older sedimentary 
formations, but these probably are thin and in struc 
tural behavior probably can be included with the highly 
competent Precambrian complex.

Whereas the Precambrian formations are thought to 
have controlled the locations of the stocks, the Paradox 
member of the Hermosa formation was important in
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controlling the position and structural forms of the 
laccoliths in the La Sal Mountains. The formation was 
approximately as plastic as the intrusions, which bulged 
laterally where they passed from the underlying compe 
tent rocks into this thick series of incompetent ones.

Black shale and thin beds of limestone, probably 
belonging to the Paradox member of the Hermosa for 
mation, are exposed along the distal edge of the intru 
sion south and west of the South Mountain stock (p. 346), 
at several localities along the edges of intrusions south 
and east of the North Mountain stock (p. 312), and on 
the flanks of Round Mountain in Castle Valley (p. 323). 
Near Round Mountain, 1,000 feet from the intrusion, 
the shale is petroliferous but near the contact it is not 
obviously so, perhaps because of distillation near the 
intrusion.

HERMOSA AND RICO FORMATIONS

Neither the Hermosa, excluding the Paradox member, 
nor the Rico formation was identified in the mountains. 
Considerable limestone, arkosic sandstone, and gray or 
greenish shale is exposed in contact with the intrusions 
along the southwest flank of South Mountain and along 
the southwest and northeast flanks of North Mountain. 
Small inliers of similar sediments are found locally at 
the edges of intrusions in the interior of North Moun 
tain. These may belong to the Hermosa or Rico. Their 
total thickness probably is no more than a very few 
hundreds of feet. In adjoining areas the Rico is 500 
feet thick and the Hermosa is 1,800 feet thick (Baker, 
1933, p. 18-29). In the La Sal Mountains the Rico may 
be represented by red beds similar to the Cutler and 
the Hermosa may be thin because of erosion before the 
deposition of the Chinle formation.

EXPOSED FORMATIONS 

PENNSYLVANIAN AND PERMIAN SYSTEMS

CUTLER FORMATION

West and north of the La Sal Mountains the Cutler 
formation consists of purple and red sandstone, purple 
conglomerate, and sandy shale (Baker, 1933, p. 29-33; 
Dane, 1935, p. 38-41). The formation has a maximum 
thickness of about 1,000 feet near the mountains but 
thins across the tops of the large anticlines.

Sandstone and conglomerate, probably belonging 
to the Cutler formation, are exposed in South and 
North Mountains. Their total thickness is no more 
than a few hundred feet, perhaps because the two 
mountains are located along extensions of the Spanish 
Valley and Castle Creek anticlines. On the map 
(pi. 39) the Cutler is included with the Triassic and 
older formations.

TRIASSIC SYSTEM
LOWER AND MIDDLE(?) TRIASSIC SERIES

MOENKOFI FORMATION

Well-bedded red sandstone, siltstone, and shale 
typical of the Moenkopi formation is exposed in South 
and North Mountains. The thickness, estimated 
about 500 feet, is uncertain because incomplete ex 
posures make it difficult to determine the upper and 
lower boundaries of the formation.

West of the mountains the Moenkopi locally is 
missing, being cut off by an unconformity (Baker, 
1933, p. 35). The formation may similarly be missing 
locally in the La Sal Mountains.

North and west of the mountains the Cutler and 
Rico formations locally were similarly removed by 
erosion before the deposition of the Moenkopi, as 
shown by an angular unconformity at the base of the 
Moenkopi.

UPPER TRIASSIC SERIES

SHINARUMP CONGLOMERATE AND CHINLE FORMATION

The Shinarump conglomerate has not been identified 
in the mountains. Locally there is a thin conglomerate 
containing well-rounded quartz pebbles that may 
represent the Shinarump.

The Chinle formation is the only one of the Triassic 
and older formations that has been identified with 
reasonable certainty within the mountains. It is 
composed of variegated and thinly but irregularly 
bedded shale, sandstone, and conglomerate. Colors 
range from green, gray, and brown to red and purple. 
In the mountains these beds are about 300 feet thick 
and form a distinctive slope at the base of the thick 
series of overlying sandstone.

Most of the laccoliths in the North and South 
Mountains spread in the Triassic and older formations, 
mostly at or below the base of the Chinles.

TRIASSIC AND JURASSIC SYSTEMS
GLEN CANYON GROUP AND ENTRADA SANDSTONE

The Wingate sandstone, Kayenta formation, and 
Navajo sandstone, constituting the Glen Canyon 
group, and the overlying Entrada sandstone were 
mapped together in the mountains. They have an 
aggregate thickness of more than 1,000 feet. In the 
plateaus adjoining the mountains these four forma 
tions are fairly distinctive. In the mountains, however, 
these rocks have been thoroughly fractured by struc 
tural deformation and so disrupted by frost heaving 
that it was not feasible to map them separately; at 
most places the boundary between these sandstones 
and the overlying lower part of the Morrison formation 
is difficult to identify.
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The Wingate sandstone, which overlies the Chinle 
formation, consists of about 300 feet of red sandstone 
in beds ranging from a few feet to 50 feet or so thick. 
Its outcrop is a jumble of broken blocks of massive 
sandstone 2 to 5 feet across. The sand is fine grained; 
individual grains are mostly less than 0.25 millimeter 
in diameter and well rounded. The sandstone, which 
is more resistant than the underlying Chinle formation, 
forms a steep rocky slope above Chinle.

Overlying the Wingate sandstone is the Kayenta 
formation, which consists of about 250 feet of thinly 
bedded red, purple, and brown sandstone. The sand 
is fine grained, rather like the Wingate, and can be 
distinguished most easily by the thin bedding and 
purple coloring. The outcrop generally is covered by 
large blocks of sandstone moved downslope from adjoin 
ing sandstones.

About 300 feet of Navajo sandstone in thick massive 
beds overlies the Kayenta formation. The texture is 
similar to that of the Wingate and Kayenta, but the 
colors are lighter, commonly gray or buff, and the 
thick massive beds yield boulders a few feet in diameter. 
Outcrops of the sandstone are few, but the trace of the 
belt of outcrops is marked by boulder fields.

Above the Navajo is the Entrada sandstone, about 
275 feet thick. Like the Navajo, it is massive and gray 
or buff and weathers in large boulders. It can be dis 
tinguished by the fact that the sand grains locally are 
of two sizes, the larger being % to 1 millimeter in 
diameter; the smaller are less than 0.2 millimeter in 
diameter.

The Wingate, Kayenta, and Navajo have gradational 
boundaries. If outcrops were more complete, perhaps 
red shale or sandstone of the Carmel formation could 
be recognized.

These sandstones constitute a highly competent 
unit. All the laccoliths in the La Sal Mountains spread 
either below these sandstones or above them; none 
spread within them.

JURASSIC SYSTEM

UPPER JURASSIC SERIES

MOEEISON FORMATION

In the La Sal Mountains the Morrison formation 
can be divided into three parts: the lower part, com 
posed dominantly of sandstone, is about 300 feet thick; 
the middle part, composed mostly of shale, is about 
375 feet thick; the upper part, composed mostly of 
sandstone, is about 150 feet thick. The upper part 
includes beds that may be Early Cretaceous in age.

Only in the Middle Mountain was the attempt made 
to map these parts separately. Because of poor expo 
sures the Dakota sandstone, which locally is 150 feet 
thick, has been included with the Morrison on the

map (pi. 39). If the Summerville formation is present 
in the La Sal Mountains, it too has been included with 
the Morrison.

The total thickness of the Morrison formation, in 
cluding the beds at the top which properly are Dakota, 
is nearly 1,000 feet. Structurally, the lower part 
belongs with the competent unit composed of the 
underlying Entrada sandstone and Glen Canyon group.

The middle part of the Morrison formation is the 
first thick set of incompetent beds above the Paradox 
member of the Hermosa formation and is the host for 
most of the laccoliths in Middle Mountain and for 
some in North Mountain.

The upper part of the Morrison is a competent unit 
consisting mostly of sandstone but including some 
shale. On Middle Mountain the upper part contains 
considerable limestone and a rather distinctive black 
chert pebble conglomerate. In the head of Hell Canyon 
the limestone beds are 20 feet thick. Wherever the 
limestone occurs, it invariably contains chert in irregular 
nodules and veins. The limestone is lenticular but 
seems to be present in most parts of Middle Mountain. 
The black chert pebble conglomerate also is lenticular; 
it occurs in closely spaced lenses a foot or two thick 
and several feet long. West of the La Sal Mountains 
similar beds have been regarded as Dakota sandstone 
(Baker, 1933, p. 55).

CRETACEOUS SYSTEM
LOWER(?) AND UPPER CRETACEOUS SERIES

DAKOTA SANDSTONE

At a few localities, especially on Middle Mountain, 
the Dakota sandstone is sufficiently well exposed to be 
identified separately from the upper part of the Morri 
son formation. Such localities, however, are so few and 
widely spaced that no attempt was made to map the 
Dakota as a separate formation.

In the head of Horse Canyon the Dakota sandstone 
is about 60 feet thick. At the top is 10 feet of tan 
well-bedded sandstone. Below this is 50 feet of car 
bonaceous shale, lenses of carbonaceous or tan sand 
stone, and a 14-inch bed of shaly coal.

An unconformity separates the Dakota and Morrison 
formations but structurally the Dakota is part of the 
competent unit that includes the upper part of the 
Morrison.

UPPER CRETACEOUS SERIES

MANGOS SHALE

The Mancos shale, the youngest of the formations 
of Mesozoic age preserved in the mountains, probably 
had an original thickness of 2,000 to 3,000 feet, and 
most or all of it must have been part of the overburden 
above the intrusions. Only a few hundred feet of the 
shale is preserved today. This shale is black, organic
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rich, and fissile. About 250 feet above the base is a 
zone of limestone concretions and about 600 feet above 
the base is a friable tan sandstone, the Ferron sand 
stone member, which is 150 feet thick west of the 
mountains (Baker, 1933, p. 55).

The Mancos shale, a distinctly incompetent unit, 
was host for several of the laccoliths on Middle and 
North Mountains.

TEBTIABY(P) SYSTEM

PLIOCENE<?) SERIES

CONGLOMERATE IN CASTLE VALLEY

The conglomerate in Castle Valley contains fragments 
derived from the North Mountain intrusions. It was 
deposited as a fill in the upper part of Castle Valley 
and has a thickness of several hundred feet, possibly 
exceeding 1,000 feet. The formation is exposed best 
at the northwest base of North Mountain in the upper 
part of Castle Valley.

Pebbles in the conglomerate include the typical dio- 
rite, monzonite, and syenite porphyry comprising the 
intrusions on North Mountain, including their hydro- 
thermally altered facies, and red, brown, and gray 
sandstone apparently derived from the Glen Canyon, 
Triassic, and older units. No shale identifiable as 
having been derived from the Mancos shale or middle 
part of the Morrison was found. The conglomerate 
clearly is younger than the intrusions, and the absence 
or at least scarcity of fragments of the Mancos shale 
and Morrison formation suggests that those formations 
had already been stripped off the top of the North 
Mountain dome when the conglomerate was deposited.

The conglomerate is coarse and bouldery near the 
foot of North Mountain; some of the boulders are 2 to 
4 feet in diameter. Northwestward the formation be 
comes less coarse. Two and a half miles southeast of 
Round Mountain, on a cliff face 10 by 10 feet, 5 boulders 
12 to 18 niches in diameter were counted. A repre 
sentative square foot of this surface contains 30 cobbles 
1 to 3 inches in diameter; 90 percent of these cobbles 
are diorite porphyry. The pebbles are rather angular, 
but the edges and corners are rounded.

The conglomerate is very well stratified; individual 
beds are mostly 1 to 2 feet thick. Lenses of coarse 
arkosic sand separate the layers of conglomerate. Near 
the foot of the mountains these lenses are few and are 
mostly less than 6 niches thick but northwestward they 
become thicker and more numerous.

The conglomerate is well indurated, but contains 
little clay or calcium carbonate. The fresh rock effer 
vesces only slightly with dilute hydrochloric acid.

No fossils were found in the conglomerate. It is 
assumed to be late Pliocene in age, or possibly very

early Pleistocene. The steeply dipping beds of the 
conglomerate (p. 315) are beveled by the pediment of 
which Harpole Mesa is a remnant; this pediment is 
overlain by two bouldery pre-Wisconsin deposits that 
presumably are glacial outwash.

The induration and deformation suggest considerable 
antiquity and the overlying soils indicate an age no 
younger than early Pleistocene. On the other hand, 
the conglomerate seems to have been formed after the 
Morrison and Mancos had been removed from above 
the North Mountain intrusions and after Castle Valley 
had been formed; very likely, therefore, the conglom 
erate is considerably younger than the intrusions.

QUATERNARY SYSTEM

PIjEISTOCENE ANJ> RECENT DEPOSITS

Pleistocene and Recent deposits on the mountains 
include moraines, glacial outwash, alluvium, boulder 
fields, colluvium, some eolian, and some residual de 
posits. These deposits are of some interest in connec 
tion with the structural history of the area because 
some of them are faulted, presumably because of salt 
movement during Quaternary time (p. 315).

STRUCTURAL GEOLOGY

STRUCTURAL FEATURES SURROUNDING THE 
MOUNTAINS

The La Sal Mountains are in the midst of a series of 
faulted anticlines and synclines whose axes trend north 
west (fig. 107). These structures parallel the anticlinal 
axis of the Uncompahgre Plateau, a huge uplift almost 
100 miles long and 25 miles wide, located 25 miles north 
east of the La Sal Mountains. The area of anticlines 
and synclines around the La Sal Mountains coincides 
with the basin in which the thick salt and related sedi 
ments of the Paradox member of the Hermosa formation 
were deposited.

The folding and attendant faulting in the area around 
the La Sal Mountains are chiefly the result of late 
Cretaceous or early Tertiary deformation as shown by 
the folding of the formations of late Mesozoic age. But 
the structural history is complicated by the fact that 
there has been repeated plastic movement of the salt, 
at least locally. Also, there was uplift of the Uncom 
pahgre Plateau and some of the anticlines near the 
La Sal Mountains at the time the Cutler and Moenkopi 
formations were being deposited (Baker, 1933, p. 77, 
78; Dane, 1935, p. 149, 155; Prommel and Crum, 
1927b; Harrison, 1927). These structures antedate the 
intrusions in the La Sal Mountains, which probably 
are middle Tertiary in age; besides, there locally has 
been late Tertiary and Quaternary deformation due to 
flowage of the salt.
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The regional structures materially influenced the 
shape of the igneous intrusions, but a genetic relation 
ship between the orogenic structures and intrusions is 
doubted. The laccolithic mountains on the Colorado 
Plateau generally seem to have been independent of the 
regional structures (Hunt, C. B., 1953).

The foliation of the Precambrian in the Uncompahgre 
Plateau and in the Needle Mountain region in Colorado 
generally trends east, with variations to a few degrees 
east of north (Dane, 1935, p. 22). This foliation is 
oblique to the younger structures like the Uncompahgre 
Plateau and the anticlines in the vicinity of the La Sal 
Mountains.

DETAILS OF FOLDS ADJACENT TO THE MOUNTAINS

CASTLE CREEK ANTICLINE

The Castle Creek anticline (fig. 107) is a southeast- 
trending fold about 25 miles long. The dome at North 
Mountain forms the southeast part of the anticline and 
the structural relief across this part of the fold is more 
than 6,000 feet (fig. 108). The anticline flattens south 
east of the North Mountain dome but extends 12 miles 
northwest of it.

Northwest of North Mountain the anticline has a 
maximum structural relief of about 3,000 feet, but the 
axis plunges northwest and the anticline flattens where 
it crosses the Colorado River (Baker, 1933, p. 61-62). 
Near the center of the anticline is a plug of diorite 
porphyry, Round Mountain (pi. 39), which is intruded 
into shale of the Paradox member of the Hermosa 
formation. The shale dips steeply away from the walls 
of the plug; small remnants of the shale roof are pre 
served on top of it. The plug perhaps is a bysmalith 
(p. 323).

Gypsiferous masses of the Paradox member of the 
Hermosa formation form hills along the two sides of 
Castle Valley between Round Mountain and the north 
west foot of North Mountain. These are the tops of 
salt plugs of the Paradox member which has been 
thrust upward into the anticline. The Rico and 
Hermosa do not crop out in Castle Valley; the Paradox 
has been thrust upward to the stratigraphic position 
of the Cutler.

Between these salt plugs and between the igneous 
intrusions at Round Mountain and North Mountain 
is a trough that is occupied by the conglomerate in 
Castle Valley, which is thought to be late Pliocene 
in age (p. 314). The conglomerate has been down- 
folded into a structural basin having smooth flanks. 
The northwest, north, and northeast flanks of the basin 
dip 10° to 15° inward, but towards the southeast the 
dips progressively steepen until they are vertical at 
the northwest foot of the laccoliths in Grand View 
Mountain.

The fact that this conglomerate in Castle Valley 
has been folded shows that there was deformation of 
the Castle Creek anticline since the North Mountain 
intrusions were formed, for these igneous rocks were 
the source for the conglomerate. Presumably this 
deformation was due to flowage of salt, for the salt 
plugs are along the edges of the basin occupied by the 
conglomerate. This interpretation presents some diffi 
culties, however, because the structural basin produced 
in the conglomerate has very smooth flanks, and it is 
difficult to visualize so orderly a structure resulting 
from salt movement. Elsewhere in this region salt 
flowage has developed faulting and irregular slumping 
(Baker, 1933, p. 79, 80). But whatever the mechanics 
of the process, the date of the deformation is post- 
igneous intrusion and probably Quaternary. It is 
equally clear that the conglomerate was deposited in an 
anticlinal valley and that major deformation had oc 
curred there before the conglomerate was deposited.

The high dome around North Mountain was formed 
when the igneous intrusions became emplaced, and 
this dome represents further uplift on an anticline 
that had formed before the igneous intrusions.

MOAB ANTICLINE AND THE SPANISH VALLEY-PACE CREEK SYNCLLNES

The Moab anticline and the Spanish Valley-Pack 
Creek synclines (fig. 107) are a series of contiguous 
structures whose southeast-trending axes are alined 
with the axis of the South Mountain dome. They have 
been mapped and described by Baker (1933, p. 63-67).

The most northwesterly of these structures, and the 
most instructive for interpreting the structural history, 
is the Moab anticline. This anticline is about 18 miles 
northwest of South Mountain but is contiguous with 
the Spanish Valley-Pack Creek synclines which extend 
from it to the South Mountain dome. Baker described 
the history of the Moab anticline as follows (1933, 
p. 65):
The initial stage in the folding of the Moab anticline occurred 
at the end of the Permian epoch, after normal deposition of the 
Paradox, Hermosa, Rico, and Cutler formations. The folded 
strata were eroded, and the Cutler, Rico, and part of the Hermosa 
formations were removed from the crest of the anticline. After 
the deposition of the Moenkopi formation upon the beveled 
edges of the older formations further folding occurred at the end 
of Moenkopi time. The Moenkopi formation was removed by 
erosion at the crest of the anticline, and the underlying Hermosa 
formation was further eroded. The elevated surface due to the 
post-Moenkopi folding was eroded only in part before the depo 
sition of the Upper Triassic Chinle formation, which overlaps 
the older beds. * * * Post-Chinle formations were deposited 
across the anticline and folded during later periods * * *.

The Spanish Valley-Pack Creek synclines lie along 
a faulted monocline; near the middle of Spanish Valley 
the formations southwest of the synclines are 1,500 
feet higher than they are on the northeast. This dis-
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placement decreases towards the South Mountain 
dome; a mile from the base of that dome the displace 
ment across the synclines is only about 500 feet. Part 
of the decrease in displacement is due to a series of 
faults trending southwest from the synclines (fig. 107); 
on most of these faults the downthrow is to the south 
east. In the region surrounding the La Sal Mountains 
numerous other faults trend at right angles to the folds.

Near the base of the South Mountain dome the 
Mancos shale is involved in the infolded, downfaulted 
synclines, and records a stage in the deformation no 
older than late Late Cretaceous time.

Southeast of South Mountain, along La Sal Creek 
in the southern part of T. 28 S., R. 25 E., is a promi 
nent southeast-trending escarpment composed of the 
Morrison formation, which probably is the result of 
faulting. This belt is alined with the synclinal struc 
tures northwest of South Mountain and may be a 
continuation of them. The South Mountain dome is 
elongated parallel to and alined with these structures.

AREA ADJACENT TO MIDDIE MOUNTAIN

Middle Mountain is in the area of smooth homoclinal 
dips between the Castle Creek anticline and Pack 
Creek syncline. Several normal faults are at the west 
base of the Middle Mountain dome and many others 
farther to the northwest. Most of these trend north 
westerly parallel to the regional folds. The area east 
of Middle Mountain has not been mapped, but recon 
naissance there revealed no major folds or faults.

OTHER FOLDS NEARBY

Other faulted belts that are near the La Sal Moun 
tains are illustrated in figure 107. Of these, Paradox 
Valley, in westernmost Colorado, is by far the largest. 
It is a northwest-trending fault valley, 25 or 30 miles 
long, and directly on line with the Castle Creek anti 
cline and long axis of the North Mountain dome. 
The northwest end of Paradox Valley is only about 4 
miles from the southeast edge of the North Mountain 
dome, but if the structures connect at all, they seem 
to do so along small folds or small faults.

About 7 miles east of North Mountain, at Sinbad 
Valley, is a similar structural feature, also trending 
northwest.

Ten miles north of North Mountain and 5 miles 
northeast of the Castle Creek anticline is the faulted 
Onion Creek anticline.

About 8 miles south of South Mountain, at Lisbon 
Valley, is another northwest-trending and faulted 
anticline.

All these are faulted salt anticlines or related struc 
tures, and their history probably is similar to that of 
the Moab anticline.

STRUCTURE OF THE LA SAL MOUNTAINS

Each of the three La Sal Mountains is a structural 
dome that is several miles in diameter and several 
thousand feet high (fig. 108). The North Mountain 
dome, the largest and highest, is 10 miles long and 5 
miles wide, and the uplift on it exceeds 6,000 feet. 
The dome is greatly elongated in a northwest direction 
parallel to the Castle Creek anticline, of which it is 
the southeastern part.

The Middle Mountain dome is smallest and most 
symmetrical. It is nearly circular in plan, about 5 
miles in diameter, and about 3,500 feet high.

The South Mountain dome, about 6 miles long and 
4 miles wide, is as high as the one at North Mountain, 
but its area is much smaller. The long axis of the 
South Mountain dome trends northwest parallel to 
and alined with the faulted synclines that extend north 
west from it.

At the center of each of these domes is a stock, and 
radiating from each stock are the laccoliths. Evidence 
has been presented elsewhere to show that the large 
mountain domes of the laccolithic mountains on the 
Colorado Plateau are the result of physical injection 
of the stocks at their centers (Hunt, C. B., 1953, p. 
139). The La Sal Mountains are quite like the other 
laccolithic mountains in that the degree of doming is 
proportional to the diameters of the stocks, and, if 
the domes were flattened, the space occupied by the 
stocks would be closed.

The cover of sedimentary formations that once ex 
tended across the tops of the intrusions in the North 
and South Mountains has largely been removed by 
erosion. It is not possible, therefore, to reconstruct 
the original configuration of the upper parts of those 
domes, but presumably they were wrinkled with anti 
clines whose axes radiated from the stock, as on the 
Middle Mountain dome and at the Henry Mountains.

The laccoliths around the stocks on North and South 
Mountains spread in the pre-Triassic formations, pre 
sumably mostly in the very incompetent Paradox 
member of the Hermosa formation. The Paradox 
member is known to be thick and near the surface under 
the Castle Creek anticline. The Paradox member also 
is thick under the Moab anticline but is not known to 
be thick beneath the Spanish Valley-Pack Creek syn 
clines, although the fact that they are much faulted 
suggests that they too are or were underlain by salt 
beds. The laccoliths that spread in the salt are even 
larger and more bulbous than is the typical laccolith in 
the Henry Mountains; their volume commonly exceeds 
a cubic mile. Moreover, these laccoliths are in con 
tact with one another or separated by only very thin 
layers of the sedimentary rocks; the plastic beds have 
been squeezed from between the igneous intrusions.
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NORTH MOUNTAIN

Pliocene(?) conglomerate in Castle Valley

Stocks
U
D

Fault, U, upthrown side; D, downthrown side

Structure contours drawn on base of 
Wingate sandstone. Contour interval 
1000 feet. Datum is sea level

Structure contours drawn on horizon in 
Mancos shale 500 feet above base. 
Contour interval 500 feet. Datum is 
sea level. Shown only where intru
sions occur in Morrison formation or 
Mancos shale

°v SOUTH MOUNTAIN

FIGUKE 108.—Structure contour map of the La Sal Mountains, tJtah.
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The laccoliths that formed at North Mountain evi 
dently pushed the salt northwestward and may have 
produced the salt plugs that extend northwestward 
from the foot of that mountain.

On Middle Mountain the laccoliths spread in the 
Morrison formation and Mancos shale and did not 
spread in the Paradox member of the Hermosa forma 
tion as did those on North and South Mountains; per 
haps the Paradox is very thin beneath Middle Moun 
tain. At any rate, the intrusions rose through the 
Paradox member to the uppermost Jurassic and Upper 
Cretaceous formations which are the next higher, 
thick, and incompetent formations. The upper surface 
of the dome at Middle Mountain resembles those of 
the Henry Mountains hi having anticlines over the lac 
coliths radially arranged about the stock. The smooth 
ness of the flanks of the Middle Mountain dome and 
the fact that it is only 3,500 feet high clearly show that 
it is not underlain by buried laccoliths of considerable 
size.

RELATION BETWEEN THE LA SAL MOUNTAINS AND THE 
REGIONAL STRUCTURES

The laccolithic mountains on the Colorado Plateau 
are distributed at random among the regional struc 
tural features of the plateau and seemingly without 
any relation to them. Because no two of the mountain 
groups have the same structural setting, little genetic 
significance can be attached to the fact that the in 
trusions of the La Sal Mountains are in the midst of a 
series of faulted folds (Hunt, 1956, p. 63).

A lack of relationship between the stocks in the La 
Sal Mountains and the surrounding structures is sug 
gested by the very different setting for each of the 
stocks. The North La Sal stock rose into an anticline 
that became enlarged as a result of the intrusion, the 
Middle La Sal stock crosscut homoclinally dipping 
formations between folds, and the South La Sal stock 
rose into a faulted syncline.

Gould cited reasons for believing that the anticlines 
either preceded the intrusions or were contemporaneous 
with them (1926b, p. 119-129. No doubt the anti 
clines are earlier (p. 315). But, although the stocks and 
folds do not seem to be genetically related, the folds 
did affect the location and shape of the laccoliths. 
Both at North and South Mountains, for example, the 
laccoliths are much elongated parallel to the structures 
that were invaded.

INTRUSIONS AND INTRUSIVE STRUCTURES 

INTRUSIONS ON NORTH MOUNTAIN

The intrusions on North Mountain consist of a cen 
tral stock surrounded by laccoliths, sills, dikes, and 
other minor intrusive forms. The intrusions that

parallel the axis of the Castle Creek anticline are 
greatly elongated (pi. 41). Most of the laccoliths are 
composed of diorite porphyry. A few are composed of 
monzonite porphyry and are younger than the diorite 
porphyry laccoliths.

Structurally the laccoliths are of three kinds. One 
set, intrusive into the Paradox member of the Hermosa 
formation, consists of very large irregular laccoliths 
that extend 4 miles southeast of the stock and 4 miles 
northwest of it. A second set that intrudes the Paradox 
extends northeast and southwest from the stock; these 
are short blunt intrusions that are only about 1 mile 
long. These two sets of laccoliths differ from those in 
the Henry Mountains in being much more bulbous and 
irregular, and practically all sedimentary rock has been 
excluded from between the individual intrusions.

The third set of North Mountain laccoliths was in 
jected from the stock 2 to 3 miles northeastward and 
southwestward across the regional structure and into 
the incompetent beds of the Morrison formation and 
Mancos shale. These laccoliths are quite like those in 
the Henry Mountains.

The relative ages of these three sets has not been 
definitely determined, but their structural arrangement 
suggests that the set in the Paradox member of the 
Hermosa formation northwest and southeast from the 
stock is the earliest, and that the set intruded across the 
regional structure and into the Morrison formation and 
Mancos shale is the youngest. The short blunt lac 
coliths in the Paradox member in general overlie and 
appear to be shingled on the flanks of the first set of 
laccoliths. The structurally higher set in general is 
judged to be younger because this position involves the 
least amount of overburden to be raised. Moreover, it 
seems likely that initial spreading of the diorite por 
phyry into the sedimentary rocks would be favored in 
the directions parallel to the axis of the anticline that 
was invaded; later spreading across the structures would 
occur when the axial directions had become clogged.

The laccoliths in the Morrison formation and Mancos 
shale are thought to be the youngest set of diorite por 
phyry laccoliths because, with the possible exception of 
the Haystack Mountain laccolith, they are younger than 
much of the doming around North Mountain. The 
Mill Creek sill, for example, south of Warner Ranger 
Station and on Boren Mesa, cuts across 300 feet or so 
of strata in about 1% miles. In the next mile northeast 
ward, however, the strata rise 75° to 80° onto the 
southwest flank of the North Mountain dome. Because 
the sill is not turned up with these strata, the dis 
cordance must increase greatly across them. The coin 
cidence of this increase in discordance at the hinge line 
of the fold strongly suggests that the intrusion is 
younger than the fold and was injected across it. Other
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laccoliths in the Morrison and Mancos are not similarly 
exposed, but, except at Haystack Mountain, none shows 
an escarpment facing the mountain; therefore they 
seem to have been injected upward and outward from 
the mountain.

The North La Sal stock is composed very largely of 
syenite porphyries but includes highly altered remnants 
of the earlier diorite porphyry stock that fed the lac 
coliths. No remnants of monzonite porphyry have been 
found in the stock, but the cutting of some of the mon 
zonite porphyry intrusions by syenite porphyry shows 
that the syenite is younger.

The earliest syenite porphyry is represented by a dike 
swarm that was intruded along the eastern edge of the 
altered diorite porphyry stock (pi. 40). Development 
of the dike swarm ended with the intrusion of some 
feldspathoidal dikes, and these were followed by the in 
trusion of a larger mass of soda-rich syenite porphyry 
into the diorite porphyry.

The roof of the stock then became breached, and ex 
plosion breccias developed in pipelike masses that un 
doubtedly led upward to volcanoes. Intrusive into 
these breccias, but partly involved in the brecciation, 
are small masses of aegirine granite porphyry and 
aphanitic lavalike masses. The igneous activity at 
North Mountain ended with the intrusion of a few 
dikes of soda rhyolite porphyry that cut across the 
explosion breccias.

DIORITE PORPHYRY LACCOLITHS AND RELATED 
INTRUSIONS

PETROGRAPHY

Diorite porphyry, which makes up about 5.5 cubic 
miles, or about 75 percent of the intrusive rocks in 
North Mountain, forms most of the laccoliths and part 
of the stock.

Hand specimens of the rock show .equidimensional 
phenocrysts of plagioclase and elongate crystals of horn 
blende in a gray groundmass. In the fine-grained varie 
ties the phenocrysts may be as small as 2 or 3 milli 
meters. Most of the varieties are coarser and contain 
phenocrysts as much as 10 millimeters in diameter. 
Within any one intrusion the coarseness of the texture 
seems to be fairly uniform except for minor chilling or 
cataclastic effects within a few feet of the contacts, but 
separate intrusions differ in their texture. Most of the 
intrusions show some flow banding.

Thin sections of the diorite porphyry (fig. 109) show 
plagioclase phenocrysts constituting about 30 percent 
of the rock. They have sharp crystal faces but many 
have rounded corners and edges. The cores are of 
sodic andesine or calcic oligoclase but the outer zones 
are oligoclase or even albite.

The mafic phenocrysts, constituting about 15 percent 
of the rock, are mostly common hornblende, but

B

ac

FIGURE 109.—Thin sections of diorite porphyry and metadiorite. Diam 
eter of fields about 2 mm. A. Porphyry very slightly altered if at all, 
Mount Tomasaki. Euhedral phenocrysts of oligoclase (o), hornblende 
(h), and magnetite (m) in microcrystalline feldspathic groundmass. 
B. Moderately altered porphyry, Dorry Canyon laccolith. Rounded 
phenocrysts of oligoclase(o) have argillized borders and partly sericitized 
Interiors. Pyroxene (p) largely altered to magnetite and calcite. 
m, magnetite phenocrysts. C. Severely altered porphyry, Oregon 
Park. The rounded phenocrysts of oligoclase (o) are argillized, and in 
plane light they are indistinguishable from the argillized microcrystal 
line feldspathic groundmass. Quartz phenocryst (q) partly resorbed. 
No mafic minerals remain, and irregular areas of the groundmass are 
stained with limonite (1). D. Metadiorite, North La Sal stock. The 
feldspar (an) in part is sodic oligoclase (or albite) and dusty sodic ortho- 
clase or anorthoclase(?). The groundmass is coarsely crystalline 
anhedral feldspar. Feldspar phenocrysts have ragged outlines and in 
plane light are indistinguishable from the groundmass. ac, actinolite 
and hedenbergite.
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locally include minor amounts of aegirine-augite or 
biotite. These phenocrysts have sharp crystal faces but 
their ends commonly are irregular and rounded.

Other common minerals are magnetite (less than 5 
percent) and apatite and sphene (together less than 1 
percent).

The groundmass makes up roughly 50 percent of the 
rock and is in part a cryptocrystalline or microcrystal- 
line aggregate of orthoclase, albite, quartz, and oligo- 
clase.

The occurrence of phenocrysts in the chilled contacts 
of the diorite porphyry intrusions indicates that crystal 
lization of the porphyry had begun before the magma 
became emplaced in the sedimentary rocks.

The diorite porphyry contains about 1 percent of 
inclusions of amphibolite that are composed of the 
same feldspar and mafic minerals as occur in the 
porphyry. These are described on page 349.

Table 1 gives some chemical analyses of diorite 
porphyry from the laccolithic mountains on the 
Colorado Plateau.

LACCOLITHS SOUTHEAST OF THE STOCK

The laccoliths extending southeasterly from the 
the stock on North Mountain include the masses of 
porphyry, mostly diorite porphyry, that form the high 
ridge, including Mount Tomasaki and Manns Peak, 
that forms the south wall of the valley of Deep Creek.

The intrusions were injected from the stock south 
eastward for 4 miles into the Paradox member of the 
Hermosa formation. Flanking the intrusions are beds 
that may be Pennsylvanian in age, but, if these beds 
are Pennsylvanian, they must be out of position, for 
there is not space enough between them and the Glen 
Canyon group for the complete stratigraphic section 
to be represented. Very possibly the beds are out of 
position because of preintrusion flowage of salt, such 
as occurred along Castle Creek anticline northwest 
of North Mountain (p. 315).

The axes of the laccoliths trend south of east. The 
north and south flanks are smooth and dip about 50°. 
The southeast or distal end is smoothly rounded and 
somewhat steeper than the sides.

The floor of the laccoliths is not exposed, nor are 
there good exposures of the side contacts. There are 
small patches of baked sedimentary rocks, probably 
remnants of the roof, preserved in the saddle northwest 
of Mount Tomasaki and on each side of the saddle 
just east of the peak. These are 600 feet lower than 
the peak, which is composed of porphyry and perhaps 
represents a bulge in the roof. The ridge a mile east 
of Mount Tomasaki may be a similar bulge in the 
roof; this one is elongate parallel to the axis of the lac 
colith. Irregularities of this sort are common and well

exposed in the roofs of the laccoliths in the Henry 
Mountains.

On the north side of the laccolith are two cirques 
that expose a prominent set of joints roughly parallel 
to the axis of the intrusion. Flow banding in the por 
phyry also parallels the axis. This flow banding is 
original, but the joints probably are younger and 
related to later stages of deformation around the 
stock. (See p. 334.)

In the saddle between Mount Tomasaki and Manns 
Peak and along the north flank of the laccolith, the 
diorite porphyry has been hydrothermally altered and 
leached of its mafic minerals, including the amphibolite 
inclusions. Specular hematite and some epidote have 
formed in the porphyry and the altered rock is cut by 
a few quartz veins a few inches wide. These altered 
zones extend southeastward along two zones of joints 
in the north flank of the laccolith. Another, less well- 
developed, zone of alteration extends along the south 
flank of the laccolith. Both the extent and degree of 
alteration diminish eastward; at its east end the lac 
colith is composed of perfectly fresh, unaltered por 
phyry. This alteration probably occurred when the 
dike-swarm complex and soda syenite porphyry were 
intruded in the stock (p. 326-331).

The intrusions at Manns Peak and on the ridge that 
divides the head of Mill Creek from Beaver Basin 
probably are separate from those in the vicinity of 
Mount Tomasaki. This interpretation assumes that 
the sheeted zone of hydrothermally altered diorite 
porphyry crossing the ridge between Manns Peak and 
Mount Tomasaki was localized along the contact be 
tween the intrusions. The intrusions at Manns Peak 
are bounded on the west by a sill of monzonite porphyry. 
Their distal end lies under the turned up Triassic and 
older rocks along the southwest flank of the North 
Mountain dome.

These laccoliths southeast of the stock are 4 miles 
long, 1% miles wide, and as much as 2,500 feet thick 
along their axial bulge. Their aggregate volume is 
estimated to be about 1.25 cubic miles.

LACCOLITHS SOUTHWEST OF THE STOCK

Between Wet Fork and Placer Creek is a considerable 
mass of diorite porphyry that probably represents more 
than one laccolith pushed into and ended against the 
Triassic and older formations forming the steep south 
west flank of the North Mountain dome. These intru- 
sives are separated from those at Manns Peak by a 
zone of hydrothermally altered, steeply dipping joint 
sheets, including some altered monzonite porphyry.

The porphyry at Oregon Park is a laccolith that was 
injected westward from the stock into the Paradox 
member of the Hermosa formation and apparently along
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the south flank of the laccolith on the south side of 
Horse Mountain. A sheet of monzonite porphyry, 
however, was subsequently injected along the contact 
between these" two laccoliths and now separates them. 
The floor of one of the laccoliths southwest of the stock 
is along Placer Creek, where it is mostly concealed by 
glacial moraine and other Pleistocene deposits. It is 
exposed at one place on the north side of the creek, 
where the diorite porphyry rests on the sedimentary 
rocks that form the roof of the sheet of monzonite 
porphyry. Both the sediments and the floor of the 
laccolith dip south into the creek. The position of 
Placer Creek evidently was controlled by this contact 
zone.

Along Schuman Gulch is a belt of altered sheeted 
rocks that includes patches of sedimentary rocks. I 
suspect that this belt marks the boundary between 
separate intrusions. Patches of sedimentary rocks, 
probably of Pennsylvanian age and representing rem 
nants of the roof rocks, are preserved along the ridge 
between Schuman Gulch and Placer Creek. Along 
this ridge and on the slope into Placer Creek, the 
porphyry is little altered.

The distal ends of these laccoliths are in the Triassic 
and older formations turned up in the steep southwest 
flank of the North Mountain dome. They are 1.5 to 
2 miles long, 2% miles wide, and 1,200 to 2,500 feet 
thick along their axial bulges. Their volume must 
aggregate 1.25 cubic miles.

HAYSTACK MOUNTAIN LACCOLITH

The Haystack Mountain laccolith is one of the set 
that intrudes the Mancos shale and lies outside the 
steep flank of the North Mountain dome. The floor 
of the laccolith dips with the strata about 30° to 40° 
SW. Locally the lower part of the diorite porphyry is 
sheeted roughly parallel to the floor; in the NW% NW# 
sec. 35 the sheets strike N. 60 W. and dip 30° SW. 
Flow banding in these sheets roughly parallels the floor 
but at Burro Pass the flow banding is oblique to a 
vertical set of joints and dips 30° NW.

A few hundred feet west of Burro Pass the Mancos 
shale at the floor of the laccolith is baked to hornfels 
for a distance of 50 feet or so below the floor. Along 
the east side of the laccolith, shale 20 feet from the 
contact is unaltered, although the nearby porphyry has 
slickensides and has been altered by leaching of the 
hornblende.

No roof rocks are preserved on the Haystack Moun 
tain laccolith. The floor contact was not found exposed 
but its position could be determined within a few feet 
at several places and could be followed with reasonable 
certainty by observing float.

The laccolith covers about 1 square mile and has a 
maximum thickness of about 1,200 feet. Its volume is 
only about 0.1 cubic mile.

MILL CREEK SILL

The Mill Creek sill, like the Haystack Mountain 
laccolith, is in the Mancos shale outside the North 
Mountain dome. The sill extends southwest ward from 
the vicinity of the Warner Ranger Station across Mill 
Creek and the west end of Boren Mesa.

Mill Creek has cut through the sill along the north 
side of Boren Mesa. Northeast of the creek the sill is 
in the upper part of the Morrison formation, or Dakota 
sandstone, but southwestward it cuts to higher strata. 
At its southwest end on Boren Mesa the sill is about 
50 feet thick and is about 50 feet above the base of the 
Mancos shale. The roof here rises 5° to 10° northeast 
ward. The shale on the roof is baked to hornfels for 
10 feet above the porphyry, but higher strata are not 
altered. In the upper surface of the porphyry are 
grooves 6 feet deep parallel to the axis of the intrusion. 
Similar features are common on the roofs of the lacco 
liths in the Henry Mountains (Hunt, C. B., 1953, 
fig. 56).

The sill is exposed as a narrow sheet, 2 miles long, 
about 1,000 feet wide, and 50 to 100 feet thick. It 
was intruded discordantly through the steep southwest 
flank of the North Mountain dome (p. 316) and must 
extend another 2 miles to the northeast to connect with 
the stock. Its total volume, however, is negligible 
compared with the volume of the other intrusions on 
North Mountain and probably does not exceed 0.02 
cubic mile.

LACCOLITHS NORTHWEST OF THE STOCK

Horse Mountain and Grand View Mountain, which 
form the northwest end of North Mountain, are com 
posed of porphyry that probably represents more than 
one laccolith. The porphyry extends 3% miles north 
westward from the stock and is 1% miles wide. At the 
northwest foot of Grand View Mountain are two small 
porphyry bodies that probably represent separate 
intrusions.

Along the northeast side of Horse Mountain, the 
laccoliths are overlain by Triassic formations. These 
and the overlying sandstones of the Glen Canyon group 
rise 45° onto the northeast side of the laccolith and 
form the roof of the intrusion.

On the southwest side of Horse Mountain, the lac 
coliths are overlain by the sheet of monzonite porphyry 
that separates these intrusions from the Oregon Park 
laccolith. The thin layers of sedimentary rocks that 
are present locally at the contact may include some
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beds of Pennsylvania!! age, but these beds probably 
were raised out of position by salt flowage before the 
igneous intrusions.

Conglomerate, containing Precambrian pebbles and 
cobbles, and probably representing the Cutler forma 
tion, is exposed between Battle-ground and Harpole 
Mesa. This conglomerate dips south of west away 
from the laccoliths which in this area, therefore, are 
in or below the Cutler formation.

Extending 3 miles northwestward is the conglomerate 
of Pliocene (?) age in Castle Valley, which contains 
gravels and boulders eroded from these laccoliths. 
Exposures of the conglomerate begin about three- 
quarters of a mile northwest of the base of Grand 
View Mountain; the conglomerate there is vertical. 
The dip, however, diminishes northwestward and 
flattens along the west line of T. 25 S., R. 24 E. From 
there conglomerate rises gently onto the salt domes in 
sec. 25 of the adjoining township. Although the con 
glomerate in Castle Valley appears to have been turned 
up steeply against the distal end of the laccolith in 
Grand View Mountain, probably the conglomerate 
was synclinally folded as a result of flowage of salt 
from below it long after the intrusion was emplaced. 
(See p. 315.)

The laccoliths northwest of the stock aggregate at 
least 3,000 feet in thickness, and their total volume 
probably is 1.5 cubic miles.

LACCOLITHS NORTHEAST OF THE STOCK

Extending almost due north from the stock is a 
laccolith of diorite porphyry that discordantly cuts across 
the Triassic and most of the Jurassic formations along 
its west wall, which is along a fault in the lower part 
of Bachelor Basin. The laccolith also cuts upwards 
through the Triassic and Glen Canyon group on the 
west side of the northernmost peak, but a considerable 
body of porphyry must extend under that peak because 
the formations there are structurally 2,000 feet or 
more higher than they are in Bachelor Basin. At 
least one sill extends southeastward from the main 
intrusion into the tilted sandstone formations.

Contacts along the north and distal end of this lac 
colith are concealed, but that part of the intrusion 
apparently is in the lower part of the Morrison for 
mation.

Near the stock the diorite porphyry is cut by soda- 
rich syenite dikes.

Diorite porphyry, which underlies the monzonite 
porphyry forming the summit of Mount Waas, cuts 
across the Triassic formations in the head of Bear 
Creek and extends eastward at the base of the Glen 
Canyon group to Beaver Creek. Still a third mass

of diorite porphyry extends into the head of Deep 
Creek under the Triassic formations.

A zone of hydrothermallyv altered $heeted joints is 
taken as the boundary between these intrusions and 
those extending southeastward from the stock.

These intrusions on the northeast side of the stock 
probably aggregate about 0.8 cubic mile.

INTRUSIONS BETWEEN WILLOW BASIN AND BEAR CREEK

The sill at the east rim of Willow Basin is in the upper 
part of the Morrison formation. Its roof is concordant; 
its base is not exposed. The thickness is no more than 
500 feet and may be only about 100 feet.

This sill may be a satellite of the laccoliths in the 
Paradox member. Its volume must be small.

Along the west side of Bear Creek is a northeast- 
trending dikelike ridge of diorite porphyry in the 
Mancos shale. No exposed contacts were found around 
it. The intrusion may extend westward and connect 
with the sill on the rim of Willow Basin. If so, the ex 
posed part is a linear bulge on the roof of a broad sheet- 
like intrusion. Probably it is a separate intrusion that 
rises northeastward from or under the laccoliths in the 
Paradox member.

BEAVER CREEK LACCOLITH

The Beaver Creek laccolith forms a high ridge 
between Bear and Beaver Creeks in the northwest 
part of T. 26 S., R. 25 E. This laccolith is in the 
Mancos shale; its concordant roof is exposed along 
Bear Creek on the distal end of the intrusion.

The laccolith is 3 miles long, one-half mile wide, and 
at least 600 feet thick. Its volume probably is about 
0.15 cubic mile.

ROUND MOUNTAIN BYSMALITH

Round Mountain, a plug of diorite porphyry in the 
middle of Castle Valley 4% miles northwest of Grand 
View Mountain, probably is a bysmalith. On top of the 
porphyry are remnants of the concordant shale roof 
preserved in swales that trend northwest. On the south 
side of the plug is exposed an almost vertical contact 
between the porphyry and adjacent sediments that dip 
steeply away from the intrusion, which is slightly elon 
gated in a northwesterly direction.

It seems likely that Round Mountain is a bysmalith 
having steep side contacts along which the roof has 
been faulted upward. The intrusion is flanked and 
capped by shale of Pennsylvanian age, presumably of 
the Paradox member of the Hermosa formation. The 
bysmalith may be the swollen distal end of a sheetlike 
or pipelike intrusion in the salt beds, extending north 
west from the North La Sal stock.
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MONZONITE PORPHYRY SILLS AKT> DIKES

PETROGRAPHY

Monzonite porphyry, constituting somewhat less 
than 10 percent of the intrusive rocks in North Moun 
tain, forms several sills and dikes that radiate from the 
stock. At one time the stock must have contained 
monzonite porphyry, but no remnants of this porphyry 
have been recognized in it.

Hand specimens of the monzonite porphyry generally 
show equidimensional phenocrysts of plagioclase, tabu 
lar phenocrysts of potash feldspar, and hornblende, 
pyroxene or biotite, and a little quartz. The pheno 
crysts generally are larger than in the diorite porphyry; 
they commonly are 10 millimeters in diameter and may 
be 15. These are set in a paste that usually is somewhat 
darker gray than that of the diorite prophyry. The 
phenocrysts commonly are alined in a crude flow 
structure.

A typical thin section of the monzonite prophyry 
contains about half and half of phenocrysts and ground- 
mass. Oligoclase phenocrysts, around An15 , constitute 
about 40 percent of the rock; perthite phenocrysts, 1 
or 2 percent; common hornblende, 4 or 5 percent; 
aegirine-augite, 1 or 2 percent; and magnetite and 
quartz, about 1 percent each. Apatite and sphene are 
common but together amount to only about 1 percent.

The fact that the monzonite porphyry commonly is 
flow banded, and that it formed sheetlike, instead of 
thick bulbous, instrusions, indicates that it was less 
viscous than was the diorite porphyry at the time of 
intrusion.

Inclusions in the monzonite porphyry are fewer and 
smaller than in the diorite porphyry (p. 349). The in 
clusions that do occur, however, generally contain 
many of the same minerals as are in the enclosing 
monzonite porphyry.

Table 2 gives some chemical analyses (in percent) of 
monzonite porphyry from the laccolithic mountains on 
the Colorado Plateau.

PLACER CREEK SILL

The Placer Creek sill extends for 2 miles along the 
north side of Placer Creek almost due west from the 
stock. The sill, about 400 feet thick, lies on the south 
flank of the laccoliths in Horse Mountain and dips 
southward into the creek as if to pass beneath the 
laccolith at Oregon Park. It was intruded into the 
shale of Pennsylvanian and younger formations that 
separate those two diorite porphyry laccoliths.

Near its western and distal end the Placer Creek sill 
is brecciated along zones that range in width from 50 
to 1,000 feet and trend north. The origin of these 
brecciated zones is not clear. They appear to be 
explosion breccias and may have been caused by breach-

TABLE 2.—Chemical analyses of monzonite porphyry from the 
laccolithic mountains on the Colorado Plateau

SiO2
A12O3 -. ------------------
Fe2O3
FeO-_ —— ---- — .- —
MgO
CaO—— — —— —— — —
NaaO.___-_--_ — -----
KSO_ — —— — _ —— — —
H2O—
HaO+--_ —— - —— —— —
TiO2
ZrO2
CO2
P,0.-_ —— —— — ——— —
SO,— — — — —— — —
Cl . _
F
MnO__--_ — —— — --_ ——
BaO.-- — _ ——— — — —
SrO—— ——— - — — — -
Li2O

Total__._ ______ __ _

Henry Mountains

1

58.29 
21.32 
1.04 
1. 19 

. 71 
4.92 
4.67 
4. 84 
2.44

. 32

. 11

. 11

.28

.0005

100. 24

2

57.89 
21.52 

.66 
1.55 
.95 

3.38 
5.88 
4.45 
2.40

.36

. 16

. 16

.48

.0064

99.84

La Plata 
Mountains

3

59. 79 
17.25 
3.60 
1.59 
1.24 
3.77 
5.04 
5.05 

. 19 

.39 

.67 

.35 

. 72 

.35 

.04 
Tr.

.20 

. 14 

. 11 
Tr.

100. 14

1. Monzonite porphyry. Mount Pennell. Forms sill on divide south of Deer 
Canyon, SE^SWH see. 4, T. 33 S., R. 10 E. J. J. Fahey, analyst.

2. Monzonite porphyry, Mount Pennell stock. NEJ4NWJ4 sec. 11, T. 33 S., 
R. 10 E. J. J. Fahey, analyst.

3. Near Tirbircio Gulch, La Plata Mountains, Colo. H. N. Stokes, analyst. 
Cross referred to this as syenite, altered(?). Reference: Cross, Spencer, and Puring- 
ton (1899, p. 6).

ing of the roof at the distal end of the intrusions or by 
the intrusions coming in contact with ground water in 
an aquifer or along a fault. In many respects the 
breccias resemble the explosion breccias in the syenite 
porphyry in the stock (p. 331) except that they are 
composed of only the one type of rock—monzonite 
porphyry, and lack the vesiculation and evidence of 
oxidation that characterize the explosion breccias in the 
syenite porphyry. Moreover, it is difficult to under 
stand why explosion breccias should develop at this 
end of the intrusion instead of at the stock end which is 
considerably higher.

The breccias may be friction breccias along shear 
zones that could have formed if salt had moved from 
under the intrusions. Although the breccias do not 
resemble the gouge along faults in sedimentary rocks 
that have been broken as a result of salt flowage, 
possibly if the salt moved at the time the sill was in 
truded, the breccia might be attributed to a combina 
tion of the two processes.

The volume of the Placer Creek sill is about 0.1 
cubic mile.

OTHER DIKES AND SILLS

South of Manns Peak is a sill of monzonite porphyry. 
Northwestward, toward the stock, the sill narrows and 
becomes dikelike and is cut off by the South Beaver 
vent breccia.
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A sill of monzonite prophyry caps Mount Waas and 
overlies diorite porphyry. Because the upper part of 
the sill has been removed by erosion, its original 
shape and volume are not known; the volume not 
eroded amounts to about 0.05 cubic mile.

The southwest-trending dike of monzonite porphyry 
that crosses the summit ridge 750 feet north of Pilot 
Mountain (pi. 40) is intrusive into diorite porphyry but 
is cut off by the Panama vent breccia.

NORTH L,A SAL STOCK

By CHARLES B. HUNT and AARON C. WATERS

GENERAL FEATURES

The North La Sal stock (pi. 40) is at the geographic 
center of North Mountain; it includes Mineral and 
Green Mountains and parts of the adjoining basins. 
The stock is at the center of the North Mountain 
dome and no doubt is largely responsible for the doming 
(p. 316). Radiating from the stock are the laccoliths of 
diorite porphyry and the laccoliths, dikes, and sills 
of monzonite porphyry just described. Although the 
structural relations in North Mountain are not nearly 
so well exposed as in the Henry Mountains, there is 
little doubt but that the diorite porphyry and mon 
zonite porphyry intrusions are satellites injected radi 
ally from the stock. Moreover, they are bulging intru 
sions whose long axes radiate from the stock.

Also radially arranged around the stock and breaking 
the diorite porphyry and monzonite porphyry intru 
sions are zones of steeply dipping sheeted joints along 
which there has been hydrothermal alteration. These 
sheeted zones become more narrow and the joints in 
them more widely spaced with increasing distance from 
the stock and the hydrothermal alteration along them 
diminishes. There seems little doubt that the stock 
produced these structures and then caused the hydro- 
thermal alteration along them.

The area covered by the stock is about 1% square 
miles. It is elongated somewhat parallel to the long 
axis of the North Mountain dome and Castle Creek 
anticline; this length is about \% miles, the width is 
slightly less than 1 mile. The volume of the stock to 
a depth equal to the height of the North Mountain 
dome is about \% cubic miles.

Whereas the satellite intrusions surrounding the 
stock exhibit little variation in rock type or composi 
tion, the stock contains a wide variety of rock types, 
including diorite porphyry, syenite porphyry, noselite 
(or sodalite) syenite porphyry, soda syenite porphyry, 
aegirine granite porphyry, and soda rhyolite porphyry. 
The oldest of these is a highly altered remnant of the 
diorite porphyry stock that fed the diorite porphyry 
laccoliths. No remnant has been found, however, of
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the monzonite porphyry that at one time must have 
occupied part of the stock.

The early facies of the stock must have been physi 
cally injected and responsible for the doming of North 
Mountain in the same way as the diorite porphyry and 
monzonite porphyry stocks produced the domes at the 
other laccolithic mountains on the Colorado Plateau 
(Hunt, C. B., 1953, p. 139). The physical injection of 
the stocks shattered and crushed the walls. The later 
facies of the stock show evidence of passive intrusion 
and assimilation or replacement of the earlier facies and 
shattered wall rock.

At a late stage in the igneous activity the roof above 
the North La Sal stock was breached. The resulting 
volcanic explosions developed a half dozen large pipe- 
like masses of breccia in the eastern part of the stock 
and along some of the sheeted zones east of the stock. 
With this volcanic activity occurred an abrupt change 
in the composition of the irruptives. Whereas the 
earlier intrusions had been deficient in silica and con 
tained more soda than potash, the intrusions associated 
with the breccias are silica-rich aegirine granite and 
soda rhyolite porphyries containing more potash than 
soda.

DIORITE PORPHYRY

The diorite porphyry stock is in a fragmentary con 
dition because it has been cut and extensively altered 
by so many later intrusions. Originally it must have 
occupied most, if not all, of the space represented by 
the present stock.

Probably this stock began as a small plug, like the 
stock at Mount Holmes in the Henry Mountains, and 
progressively enlarged by physical injection until it was 
a mile or so in diameter. It was the source for the 
diorite porphyry laccoliths, for these radiate from the 
stock. The volume of the diorite porphyry laccoliths 
is about 5 cubic miles; the stock, down to a depth equal 
to the height of the North Mountain dome, must have 
included another cubic mile of diorite porphyry. The 
volume of diorite porphyry intruded at North Moun 
tain is greater than that at the other La Sal Mountains 
and greater than that in any of the Henry Mountains 
except Mount Ellen.

Judging by the mineral and chemical similarity be 
tween the diorite porphyry in the stocks and laccoliths 
at the other La Sal Mountains and Henry Mountains, 
the mineral and chemical composition of the diorite 
porphyry in the North La Sal stock originally must 
have been quite like that in the surrounding laccoliths. 
Moreover, comparison of the composition of the stocks 
in the other mountains suggests that the North La Sal 
stock changed gradually in composition while the 6 
cubic miles of diorite porphyry was being irrupted. 
Comparison of the stocks at Mounts Holmes, Ells-
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worth, Hillers, and Ellen suggests that the silica re 
mained about constant; that soda and potash increased 
about 1 percent each; that lime decreased about 1 
percent.

The stock no doubt was a composite of many dif 
ferent textural varieties of the diorite porphyry but 
generally similar to the laccoliths. Locally there may 
have been masses that cooled more slowly and devel 
oped quartz phenocrysts, as at Mount Ellen (Hunt, C. 
B., 1953).

The remnants of the diorite porphyry stock have 
been extensively altered. The phenocrysts of oligo- 
clase have been replaced by albite and perthite. The 
hornblende is completely gone; not even relic horn 
blende has been recognized in any of the thin sections 
from the diorite porphyry in the stock. Its place is 
taken by a new suite of minerals—aegirine-augite, 
biotite, and hedenbergite or actinolite. These occur 
as pseudomorphs after hornblende, as isolated crystals, 
as crystal swarms, or in veins; these mafic crystals range 
from microlites to a millimeter in length. Pyrite is 
common. The apatite and sphene seem no different 
from the apatite and sphene in the unaltered diorite 
porphyry, but sphene may be somewhat more abundant. 
The original groundmass has recrystallized and the 
rock now is granular.

Chemical analyses of the altered diorite porphyry 
are not yet available, but the mineralogy suggests that 
the altered porphyry is more sodic and more potassic 
and perhaps slightly less silicic than the original diorite 
porphyry.

As the diorite porphyry stock was intruded, it no 
doubt shattered and hydrothermally altered the sedi 
mentary formations turned up along its walls and 
probably in the same manner and to about the same 
degree as around the stocks at the other laccolithic 
mountains. The early effects, however, have been de 
stroyed, or largely so, by the deformation and exten 
sive alteration that accompanied the later intrusions 
in the stock.

Remnants of the original shatter zone are preserved 
around the south, west, and north sides of the stock. 
These include some rocks that are from the Precam- 
brian, but they have been greatly altered and now in 
clude many of the minerals that characterize the later 
intrusions and in part have been assimilated by them. 
This alteration is discussed more fully on pages 335- 
338.

When the diorite porphyry stock was emplaced, 
hydrothermal alteration probably amounted to no more 
than a slight leaching of the mafic minerals in the walls 
adjoining the stock and deposition of epidote and 
specular hematite within a few hundred feet of it. 
These effects are completely masked as a result of later

alteration but can be inferred from evidence at the 
other laccolithic mountains.

MONZONITE PORPHYRY

No remnants of monzonite porphyry have been recog 
nized in the stock, but its former presence is indicated 
by the monzonite porphyry sills and dikes that radiate 
from the stock and that are cut off by the later syenite 
intrusions in it. The former presence of monzonite 
porphyry also is suggested by its occurrence in the 
stocks at South Mountain and at Mount Pennell, in 
the Henry Mountains, at both of which the igenous 
activity ended with the intrusion of monzonite porphyry. 
In composition the monzonite porphyry of the stock 
was no doubt similar to the dikes and sills.

The volume of monzonite porphyry, including the 
part that must have been in the stock, is substantially 
less than 1 cubic mile; probably it is less than half a 
cubic mile. The volume here is greater than that at 
South Mountain and is about equal to the volume of 
monzonite porphyry at Mount Pennell. It is roughly 
10 percent the volume of diorite porphyry in North 
Mountain.

The occurrence of the monzonite porphyry in dikes 
and sills, in contrast to the bulging laccoliths of diorite 
porphyry and the better development of flow banding 
in the monzonite porphyry, indicates that the monzonite 
was less viscous than the diorite porphyry.

In the stock the monzonite porphyry probably oc 
curred in comparatively small and irregular dikes or 
pipelike bodies that originally cut the diorite porplr^ry, 
as it does at South Mountain and Mount Pennell.

Hydrothermal alteration around the Mount Pennell 
stock is greater than around other stocks in the Henry 
Mountains composed of diorite porphyry. No doubt 
it is significant that the monzonite porphyry produced 
more alteration than did the much greater volume of 
diorite porphyry. The same probably was true at the 
North La Sal stock, but this alteration still is slight as 
compared with that produced by the later syenitic 
intrusions.

BIKE-SWARM COMPLEX

The dike-swarm complex occupies about three- 
quarters of a square mile in the eastern part of the 
stock (pi. 40). Its volume, to a depth equal to the 
height of the North Mountain dome, assuming vertical 
sides, is about 0.7 cubic mile.

The dike-swarm complex consists of closely spaced 
dikes trending about N. 20° E., which is very nearly 
at right angles to the long axis of the North Mountain 
dome. The rocks between the dikes have a pronounced 
platy structure; this structure and the flow banding in 
the dikes also trend N. 20° E. On the east side of
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Mineral Mountain, along the east edge of the old diorite 
porphyry stock, the dikes are so closely spaced that 
they form a screen, about 85 percent of which is dike 
material. The intrusive process evidently was by 
physical injection, as during the earlier stages of the 
stock. Judging by their forms these dikes probably 
were less viscous than was the monzonite porphyry.

The rocks are mostly syenite porphyries (fig. 110). 
Some are conspicuously porphyritic with phenocrysts 
as much as a quarter of an inch across, but many are 
nonporphyritic. Between the dikes are altered rem 
nants of earlier facies of the stock and in places frag 
ments of wall rock, including a few blocks from the 
Precambrian basement.

The feldspars in the dike rocks are perthite and 
albite or sodic oligoclase. The mafic mineral is aegirine- 
augite with or without a little biotite. Sphene is an 
abundant accessory mineral; apatite somewhat less 
so. In contrast to the earlier intrusions these dikes 
contain no hornblende, nor do they contain amphibolite 
inclusions.

The following is a chemical analysis (in percent) by 
Lucille Kehl, U. S. Geological Survey, of a collection 
of about 100 rock chips collected every 20 feet along 
the crest of the ridge between Mineral and Green 
Mountains. Numerous quite different rock types are 
included in this bulk sample of the dike-swarm complex; 
probably a considerable part is sheeted metadiorite 
between syenitic dikes.

SiO2 64.89 CO2 —_ -_-_________._ 043
A12O 3— ______________ 15.95
Fe2O 3 -_______________ 2.59
FeO____-_________._ .55
MgO_________________ .54
CaO____.____________ 1.79
Na2O_________________ 5.31
K2O________________._ 6.49
H2 O-________________ . 15
H-O+- -______-_.____ .29

___________.___ .36

P205_._. ._._.___.__._
s.___. _______________
MnO_____. _-_____._..
BaO-__. __.._____._.

Total _ . . _ __ 99
Less 0 for S _ ________

15
06
06
04

65
03

99. 62

During the diorite and monzonite porphyry stages 
the North La Sal stock was a massive intrusion that 
domed the surrounding rocks. Physical injection of the 
dike-swarm complex probably continued to push the 
dome upward, but the strong platy structure of the 
complex trending N. 20° E. suggests that the dome 
became broken transversely across its middle. It seems 
likely that the linear zones of vertically sheeted joints 
that radiate from the stock into the zone of laccoliths 
began developing at this stage. That these radial zones 
of jointing did not develop earlier is indicated by their 
absence in the other laccolithic mountains where the 
intrusive process did not progress beyond the mon 
zonite porphyry stage and by the fact that they break 
the monzonite porphyry intrusions in North Mountain.

A a

B

D

FIGURE 110.—Thin sections of rocks from the dike-swarm complex in 
the North La Sal stock. Diameter of fields about 2 mm. A. Coarse 
grained syenitic dike rock containing quartz (q). The feldspar (f) is 
mostly perthite. a, aegirine-augite. B. Porphyritic, nonquartz-bearing 
syenite containing sanidine phenocrysts (f). C. Coarse-grained syenite 
with anhedral perthite (f) and aegirine-augite (a). D. Crossed nicols. 
Coarse-grained syenitic dike rock (left) does not seem to be chilled 
against earlier, finer grained and much-altered diorite porphyry, 
f, sanidine and perthite; a, aegirine-augite; o, argillized oligoclase; and 
q, quartz.

Intrusion of the dike-swarm complex led to intensive 
and extensive hydrothermal activity. Perhaps this was 
because of an increased pressure of volatiles in the 
syenite as compared with the monzonite and diorite
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porphyry magmas. Or, it may have resulted from in 
creased fracturing that provided more avenues of escape 
for the volatiles, or both. Whatever the cause, the alter 
ation between the dikes and around the complex as a 
whole is much greater and more extensive than around 
the earlier intrusions. Within and adjacent to the 
dike-swarm complex there is argillic alteration of the 
feldspars and deposition of calcite and fluorite. In the 
linear zones of sheeted joints that radiate outward from 
the stock, the mafic minerals are leached and replaced 
by pyrite and other sulfides for distances as great as 
2K miles from the stock. Some of this alteration may 
have occurred subsequent to the intrusion of the dike- 
swarm complex, but it must have started at this stage 
and ended when the explosion breccias were formed. 
(See p. 330.)

FELDSPATHOIDAL AND OTHER SODA-RICH DIKES

The feldspathoidal dikes are regarded as part of the 
dike-swarm complex but representing a late stage of it. 
The feldspathoidal dikes are much longer and more con 
tinuous than are the other dikes. They are continuous 
through the complex and extend for considerable dis 
tances into the surrounding rocks. Some are nearly a 
mile long, like the one that extends southwestward 
across McCormick Park and the one that extends north 
across Bachelor Basin. The abundance of feldspathoi 
dal dikes in and around the dike-swarm complex indi 
cates that they are related to it though somewhat 
younger.

These dikes commonly are 10 feet wide, but, even if 
they extend to depths equal to the height of the North 
Mountain dome, their volume aggregates only about 
0.02 cubic mile.

The great extent of these dikes as compared with the 
earlier intrusions implies either that the viscosity of the 
magma was continuing to decrease, or that the dome 
was stiffening and its earlier intrusions congealing, or 
perhaps both.

The following is a chemical analysis (in percent) by 
W. F. Hillebrand, of one of the feldspathoidal dikes—a 
noselite syenite porphyry—north of the stock (Clarke, 
1904, p. 191). The specimen was collected by Prindle; 
the exact location is uncertain, but probably it was 
collected from one of the dikes north of Bachelor Basin.

SiO2 _ -__ _ .
A20,._- _______
Pe203 _____
PeO---_______
MgO
CaO ___
Na20
KjO
H.O--.______
IT r\ i

Ti02— -------
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-._____ 1.74
_______ .59
_---___ .27
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_______ .38
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. _ ... .21
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The feldspathoidal dikes are highly porphyritic (fig. 
112). Some of them contain rounded phenocrysts of 
feldspar, mostly perthite, from 1 to 2 inches long. The 
feldspar in some of the dikes is orthoclase, but generally 
it is a perthite. The internal texture of many of these 
perthites suggests that the original feldspar may have 
been anorthoclase or sanidine that exsolved to a per 
thite and was later albitized. The cross sections are 
commonly square or rhomb shaped, and some preserve 
traces of original zoning.

Sodalite (or noselite) phenocrysts occur in many of 
the thin sections examined, but more commonly the 
feldspathoid has been altered to a zeolite and muscovite. 
Some of these altered areas preserve the crystal outline 
of the original feldspathoid. In some slides the felds 
pathoid is contained within phenocrysts of ortjaoclase

The groundmass commonly is trachytic and consists 
mostly of potash feldspar and aegirine-augite. Acces 
sory minerals are magnetite, apatite, and sphene.

Hydrothermal alteration along the feldspathoidal 
dikes has been considerable, perhaps because the con 
tinuity of the dikes controlled postdike solutions.

The feldspathoidal intrusion on Brumley Ridge, 
northwest of Middle Mountain (p. 344) may be related 
to these dikes. This intrusion is geographically a part 
of Middle Mountain and is described with the Middle 
Mountain intrusions. But paragenetically it is wholly 
out of place among the Middle Mountain intrusions, 
which otherwise did not evolve beyond the diorite 
porphyry stage. The intrusion is 2 miles from the 
Middle Mountain stock and 4 miles from the North 
Mountain stock. Its isolation outside the zone of lac 
coliths on either of the mountains is unique. Probably 
it is related to the feldspathoidal dike stage of the 
North Mountain activity.

SODA SYENITE PORPHYRY

The soda syenite porphyry on Mineral Mountain is 
mostly intrusive into the earlier diorite porphyry stock, 
but, in the High Ore Basin, it cuts a part of the dike- 
swarm complex and is therefore younger.

The main body of this porphyry is elongated N. 45° 
E. It is about 2,500 feet long and 1,000 feet wide and 
forms the high part of Mineral Mountain, but long ap 
pendages of the porphyry extend down the flanks of 
the mountain. This curious outcrop pattern makes it 
difficult to judge the shape of the intrusion. Perhaps 
it is similar to the dike swarm and consists of vertically 
continuous sheets. Or, it may be irregularly rooted 
under Mineral Mountain and grade downward into a 
very different type of rock. Assuming, however, that 
it represents a column equal to the height of the North 
Mountain dome its volume would be about 0.15 cubic 
mile.
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Protoclastic and filtration effects are conspicuous 
along the contacts between the soda syenite porphyry 
and the earlier rocks which it intrudes. Figure 111 
illustrates the kind of filter-press phenomenon that is 
common around the edges of this intrusion. It evi 
dently was intruded as a crystal mush with the large 
perthitic phenocrysts already well developed.

The following are chemical analyses (in percent) of 
the soda syenite porphyry. The exact location of speci 
men 2, is not certain, but it was collected by Prindle 
1 mile west of Mount Waas. Prindle described the 
rock as a nepheline syenite but nepheline has not been 
found in the thin sections examined by us.

SiO2 ____________________________________ 63. 58
A12O3__________________ _______________ 17.48
Fe2O8-____-_.______.____________________ 2. 61
FeO_________ _ 90
MgO_---___.____ __________________ '. 41
CaO_____________________________ __~~ i 32
Na2O___________________________________ 6.89
K2O________________ 5 igH2o-____________________:::::::::::::: {3
H20 + _________________ _ ^ 22
TiO2 _________________ _ '42
ZrO,_______ _ _
C02. 
P205 
S03 _

29
13

MnO_ 
BaO_ 
Li2O.

07
09

62.64
17.36
2. 79
.63
.53

1.70
7.00
4. 97
.43
.53
.43
. 02
.54
. 12
.06
.03
.04
. 10

None

99. 72 99. 99
1. Upper part of Snowslide Gulch, Mineral Mountain. W. J. Blake, Jr., analyst
2. Collected by L. M. Prindle 1 mile west of Mount Waas. Analyzed by W F 

HUlebrand. Prindle referred to this rock as pulaskite, a nepheline syenite porphyry. 
The locality given by him fits for Mineral Mountain and the analysis is almost 
identical to that of the soda syenite porphyry given in column 1. No nepheline, 
however, has been observed in the thin sections examined by us. Reference: Clarke 
(1904, p. 191).

Potash in this rock is about the same as in the felds- 
pathoidal dikes, but the soda is less and the lime is down 
to 1.5 percent. Silica is about 4 percent greater than in 
the feldspathoidal dikes.

The soda syenite contains abundant large micro- 
perthite phenocrysts (fig. 112). The rims commonly are 
albitized. Some phenocrysts contain remnants of an- 
orthoclase or soda sanidine, and it is likely that the 
microperthite is mainly an exsolution product of such 
feldspars, perhaps further modified by later albitization 
of crushed edges. Associated with these coarse feldspar 
phenocrysts are large corroded phenocrysts of sodic 
augite that are zoned to aegirine-augite on the edges and 
along shears that cut the crystals. Locally the corroded 
augite phenocrysts are also partly replaced by a pale 
yellow-brown biotite.

Throughout the mass, the feldspar and augite pheno 
crysts are not uniformly distributed, but are clotted to 
gether into indefinite patches, lenses, and streaks. 
Within these clots the phenocrysts make up more than 
60 percent of the rock. Areas of such phenocryst con

centration show strong protoclastic effects; the large 
crystals are sheared, granulated on their edges, and are 
pervaded by a nonporphyritic matrix that fills shears 
and spaces between the crystals or injects the crystal 
mush as indefinitely bordered veinlets. Under the mi 
croscope this matrix and vein-filling material is quite 
different in appearance and composition from the 
phenocryst-rich parts of the rock. It consists chiefly 
of very fresh strongly zoned aegirine-augite and zoned 
anorthoclase partly exsolved to microperthite. Both 
the feldspar and the pyroxene are much more sodic than 
the corresponding large phenocrysts. Thus both the 
field and petrographic characteristics of this mass in-

FIGTJRE 111.—Filter-press relations at contact between soda syenite porphyry and 
metadiorite in Snowslide Gulch, Mineral Mountain, m, metadiorite; f, perthite 
phenocrysts in soda syenite porphyry; s, paste of soda syenite porphyry.

dicate that the material which flowed into the chamber 
at present levels was a crystal mush. Forceful injection 
developed strong mortar and protoclastic structures, 
which were partly healed by the rest magma that 
albitized the granulated edges of the feldspars and filled 
shears with undeformed fresh crystals of aegirine- 
augite and anorthoclase. This late crystallizing filtrate 
occurs not only as a filler in and between the older de 
formed phenocrysts but also as megascopic veinlets and 
indefinitely bounded dikes in the outcrops.

Evidence of profound gas-phase activity is found 
around this intrusion of soda syenite porphyry. The 
diorite porphyry stock is hornfelsized and veined with
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B

FIGURE 112.—Thin sections of soda syenite porphyry and feldspathoidal 
dike rocks, North Mountain. Diameter of fields about 2 mm. A. Soda 
syenite, Mineral Mountain. The porphyry is characterized by huge 
(as large as 3 inches) phenocrysts of perthite (p) in which the soda and 
potash feldspars apparently have partly exsolved. B. and C. Sodalite 
(noselite?) syenite dikes; B. South side, Manns Peak; C. South Beaver 
vent. The sodalite phenocrysts (s) may or may not be encased in the 
orthoclase phenocrysts (o). The groundmass contains abundant 
needles of aegirine.

hedenbergite, actinolite, specular hematite, magnetite, 
pyrite, calcite, and quartz. In the soda syenite porphyry 
are miarolitic cavities and coarse vugs. The part of the 
porphyry near the summit of Mineral Mountain is cut 
by veins of bull quartz and smoky comb quartz.

Several major zones of sheeted joints along which 
there has been considerable hydrothermal alteration 
radiate from the stock into the surrounding laccoliths 
(pi. 39). Similar zones do not occur within the soda 
syenite porphyry, although it is cut by narrow fissures 
along which there has been some argillic and pyritic 
alteration. The soda syenite porphyry must have con 
tributed to the alteration of the zones cutting the lac 
coliths; the fact that it is not equally altered suggests 
that there was little additional hydrothermal activity 
.after this intrusion had been emplaced.

In the soda syenite are abundant huge masses—some 
100 feet long—of highly altered amphibolite schist, bio 
tite schist, hornblende gneiss, schistose garnetiferous 
amphibolite, and banded epidote amphibolite. A few 
small xenoliths appear to have been uralitized pyro- 
xenite and peridotite, but most of them look like 
typical amphibolites derived from basic lavas or gab- 
broic rocks. Similar xenoliths, though smaller and 
fewer, also occur in the metadiorite of the stock (p. 349).

Practically all the large xenoliths show evidence of 
marked mineral transformations since the episode of 
dynamic metamorphism that developed their schist- 
osity. In many inclusions the relative proportion of 
hornblende to plagioclase varies greatly within a few 
inches. In general, hornblende is more abundant in 
the margins of the large inclusions than at their centers, 
although in some the variation in amount of horn 
blende is completely erratic, and in others it seems to 
be related to healed fractures and to veinlets that cut 
the inclusion. Some inclusions are biotitized; small 
ones may be completely replaced by biotite. The 
biotite occurs in fine-grained aggregates that commonly 
replace large original hornblende crystals of the in 
clusions. Large inclusions are biotitized along their 
edges, or in some the biotitization follows bands and 
fractures. The fine-grained aggregates of secondary 
biotite are distinct from the coarse altered biotite that 
appears as an original mineral in rare inclusions of 
biotite schist and hornblende-biotite gneiss. Aegirine- 
augite also replaces hornblende in some inclusions. 
There is also evidence that in some inclusions original 
hornblende, actinolite, and epidote are recrystallized 
into coarser aggregates rich in secondary hornblende.

These inclusions are most abundant in a zone near 
the outer edge of the soda syenite, and they occur in 
the metadiorite as well as in the soda syenite.

Figure 113 is a sketch of one of the partly replaced 
and syenitized Precambrian schists, most of which (A 
in fig. 113) is a very fine grained and peculiar biotite. 

. Syenitization of this schist (B in fig. 113) occurred 
along transverse fractures and the alteration spread in 
and along the schistosity. In this syenitized rock, 
biotite almost disappears except as relics. In the cen 
tral part of these syenitized zones, microcline and 
microcline perthite developed. Scattered all through 
this feldspar are needles, wisps, rosettes, veinlets, and 
other nondescript masses of an unusual amphibole, 
possibly actinolite containing a small amount of soda.

Farther out in the biotitized amphibolite is another 
type of alteration that resulted in the introduction of a 
peculiar pyroxene that may be a soda-rich diopside. 
This pyroxene occurs in a zone between the feldspathic, 
syenitized zone and the biotitized amphibolite, and 
probably is contemporaneous with the microcline.
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FIOURE 113.—Sketch of Preeambrian schist partly replaced by soda syenite por 
phyry, at Double Standard shaft, Mineral Mountain. A. Preeambrian schist, 
lines indicate sehistosity. B. Syenitized schist containing relict structures parallel 
to the sehistosity. C. Soda syenite porphyry. V. Veins, mostly hedenbergite. 
The long veins are 1 to 25 mm wide; the transverse connecting veins are 1 mm 
wide.

Finally, through the middle of the syenitized zone 
and extending into the soda syenite porphyry are veins 
of hedenbergite. These branch and become thinner 
away from the fragment of Preeambrian rock and none 
extends more than a few feet into the syenite. The 
field relations suggest that the hedenbergite veins are 
composed of materials driven off from the Preeambrian 
block, but not until after the soda syenite had solidified 
sufficiently to have fissures. Moreover, the fissures in 
the Preeambrian and in the soda syenite are of the 
same set, which implies that the syenitization of the 
schist occurred after the syenite had solidified.

EXPLOSION BRECCIAS AND ASSOCIATED AEGIRINE GRANITE PORPHYRY 
AND APHANITIC SHEETS

Explosion breccias, with which are associated intru 
sions of aegirine granite porphyry and some aphanitic

lavalike sheets, formed in the east part of the stock and 
to the east of the stock after the feldspathoidal dikes 
were intruded. The breccias cut the hydrothennally 
altered zones of sheeted joints outside the stock and 
are younger. It seems almost certain that the breccias 
and intrusions associated with them are younger than 
the soda syenite porphyry on Mineral Mountain, al 
though they are not in contact wiUi it. The breccias 
evidently mark the roots of volcanic vents; the part 
exposed today must have been many hundreds and 
perhaps a few thousands of feet below the surface at 
which the eruptions took place.

There are four major vent breccias and several minor 
ones. Some of the breccias are intruded by aegirine 
granite porphyry and by aphanitic lavalike sheets, but 
these intrusives are themselves brecciated and must be 
in effect contemporaneous with the explosive activity.

The vent at Green Mountain is one of the largest. 
It is 1,800 feet long and 1,200 feet wide; the elongation 
is northwestward. The breccia consists of angular 
fragments of various types of syenite porphyry, most 
of them apparently derived from the dike-swarm com 
plex. The fragments are mostly less than 6 inches 
across and are closely packed. Filling the voids be 
tween them is altered comminuted rock. Locally the 
voids are filled with calcite.

Vugs are numerous and are lined with comb quartz 
(fig. 114) or calcite. The adjoining breccia locally is 
mottled with bright red iron oxide, and in places is 
cut by narrow veins of chalcopyrite and pyrite.

Intrusive into the breccia are sheets of aphanitic 
lavalike rocks that are involved in the brecciation too. 
Most of these sheets are only a few feet thick, but one 
that may be 100 feet thick is exposed near the north 
side of the vent.

The breccia is banded and the bands dip outward 
towards the side walls. At the sides these bands are 
vertical and parallel to the walls, but inward the dip 
diminishes to 30° or less. The aphanitic sheets are 
parallel to the banding and they outcrop concentrically 
in the vent (pi. 42). In general the breccias grade out 
ward into the nonbrecciated country rock, but locally 
there is a sharp contact at the edges of the vents 
(pi. 42A).

The Green Mountain vent cuts the dike-swarm 
complex and at least one of the feldspathoidal dikes.

Equally large is the Panama vent (pi. 43), named for 
the Panama claims, and located 2,000 feet southeast of 
Pilot Mountain. The breccia in this vent resembles 
that at Green Mountain but contains considerable 
quantities of altered diorite porphyry. Intrusive into 
this breccia, but involved also in the brecciation, is 
aegirine granite porphyry. This intrusion parallels 
the banding in the breccia and outcrops as a ring
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FIGURE 114.—Vesiculated syenite porphyry from vent breccia on Green Mountain. 
The vesicles are lined with comb quartz over bull quartz (heavy black). Each 
vesicle Is bordered by a zone in which the porphyry is stained red with hematite; 
these red zones grade outward to yellow or gray porphyry.

dike in the east part of the vent. The banding of the 
breccia dips outward towards the walls as it does at 
the Green Mountain vent. The Panama vent breccia 
is mostly in diorite porphyry, but it cuts the monzonite 
porphyry dike that trends southeastward across the 
north part of Pilot Mountain.

The West Beaver vent (pi. 43), located 1,500 feet 
northeast of Pilot Mountain, is only about 500 feet 
long and 300 feet wide, but it is unique in being at the 
center of an intrusion of aegirine granite porphyry. 
The intrusion is 1,000 feet long and 600 feet wide; 
both the intrusion and the vent breccia at its center 
are elongated to the northwest. The breccia includes 
considerable quantities of the aegirine granite porphyry. 
The intrusion cuts a hydrothermally altered zone of 
sheeted joints in diorite porphyry.

The South Beaver vent, located 3,500 feet southeast 
of Pilot Mountain, is about 1,200 feet long and 600 
feet wide. It cuts a hydrothermally altered zone of 
sheeted joints, a feldspathoidal dike, and a monzonite 
porphyry dike. Along the northeast wall the banding 
in the breccia is vertical, but inward it flattens to about 
30°. Sheets of aphanitic lavalike rock, each a few 
feet thick, parallel the banding and are themselves

broken by the brecciation. Three dikes of soda rhyolite 
cut the vent breccia.

Other similar vent breccias are located at the head 
of McCormick Park at the south foot of Green Moun 
tain, in Bachelor Basin at the north foot of Green 
Mountain, and on the summit ridge between Green 
and Pilot Mountains.

The chemical composition of the aegirine granite 
porphyry associated with these vent breccias is illus 
trated by the following analyses (in percent).

SiO2— _________________________________
A12O3— ___-________________--__ — — __-
Fe2O3 _ _ _ _- _ --_ __ _ _ ------ ______
PeO— _______-__ — ______-___ — — — —
MgO_______________ — ________- — — — _
CaO_ _____-_--_-___ — _-_---_ — _-- —
Na_O__—--_- _ _____________________ ___ 
K2O _ _ ______ _____ 
H2O- _- ___ -__ 
H2O+ ---_ -__ 
TiO2 
ZrO2 . __----___--_______--_--_-__--___-- 
CO2 __ -__ ____ 
P2Os _-_ ________________________________
SO3 _ ___________________________________
Cl _ - ----- _ _ -_-_ ------
MnO _ _______
BaO_--_-__________ _ _ ____ _ --_- _
8rO_____ — -_-___- — _ — — — _ — —
Li2O. __________________________________

1 
73. 27 
13. 29 

1. 16 
. 13 
.07 
. 21 

3. 44 
7.53 

. 23 

.43 

. 10 

. 02 

. 02 
Tr. 
.07 
.01
.03 
. 10

None 
Tr.?

2 
71. 28 
12. 53 
1.79 
.23 
.20 

1.56 
3. 41 
7. 43 

. 04 

. 10 

. 19
"Too

. 00 
S. 02

. 04 

. 02

100. 11 99. 84 
Less 0 for S . 01

99.83
1. Aegirine granite porphyry from Beaver Basin, probably from the West Beaver 

vent or from the Panama vent. L. M. Prindle, collector; W. F. Hillebrand, analyst. 
Reference: Clarke (1904, p. 191).

2. Dike, north spur Green Mountain. Probably related to the soda granite, but it 
is fine grained and was mapped with the dike-swarm complex. Lucille Kehl, TJ. S. 
Geological Survey, analyst.

The chemical composition of this rock is very dif 
ferent from that of the earlier intrusions. The silica is 
much greater, potash is greater, and soda is less. Ap 
parently the vulcanism so changed the physical- 
chemical environment as to cause what appears to be 
a sharp discontinuity in the magmatic series. This 
problem is discussed more fully on pages 353-354.

Petrographically the aegirine granite porphyry con 
sists mostly of dusty orthoclase (fig. 115). Sodic 
oligoclase or albite forms the cores in some of the 
orthoclase crystals and is partly replaced by the ortho 
clase. Quartz occurs in large euhedral crystals that 
are much fractured and concentrically lined with tiny 
needles (rutile?). Quartz also occurs in interstitial 
masses and in tiny veinlets. A few percent of the rock 
is aegirine-augite.

Specimens of the large euhedral quartz crystals were 
separated from the rock and submitted to J. R. Houston, 
in the geochemistry and petrology laboratory of the 
Geological Survey, who examined them and reported 
that "The quartz is high quartz (beta quartz), estimated 
to have formed between 600° and 900°C."



GEOLOGICAL SURVEY PROFESSIONAL PAPER 294 PLATE 41

Pilot Mtn
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AERIAL VIEW OF NORTH AND MIDDLE MOUNTAINS

View is southeast. Hogback to right of Pinhook is sandstone of Glen Canyon group. The same sandstone dips northeast off Grand View Point, is offset by a 
fault in Bachelor Basin, and flanks the northeast side of La Sal Peak. Harpole Mesa is underlain by the conglomerate of Pliocene(?) age in Castle Valley. 
Mounts Tukuhnikivatz, Peale, and Mellenthin in Middle Mountain are laccolithic masses radiating from the stock which is in the basin between the three 
peaks.
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A. Northwest edge. Vertical contact between vent breccia (left) and porphyries of 
the dike-swarm complex.

B. East side. The crags are breccia containing concentric outward-dipping sheets of aphanitic lavalike rocks. The east edge of 
the breccia is at the base of the crags. The northeast edge is on the gully at the right.

GREEN MOUNTAIN VENT BRECCIA
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VIEW NORTHWEST ALONG THE VERTICALLY SHEETED JOINTS IN 
THE SOUTH PART OF BEAVER BASIN
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AERIAL VIEW OF MIDDLE MOUNTAIN

The stock is in Gold Basin. Mount Peale is capped with the Morrison formation but is underlain by porphyry in a laccolith injected southeast from the stock.
Mount Mellenthin consists of two laccoliths injected northeast from the stock.
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FIGURE 115.—Thin sections of soda rhyolite and aegirine granite 
porphyries. Diameter of fields about 2 mm. A. Soda rhyolite 
porphyry dike south of McCormick Park. Euhedral quartz (q) 
is high-temperature quartz. Or, orthoclase; a, aegirine-augite; 
ab, probably originally oligoclase; now mostly orthoclase contain 
ing laths of albite. B. Aegirine granite porphyry, Panama vent. 
Letter symbols as in A. Groundmass contains abundant aegirine- 
auglte. C. Aegirine granite porphyry, West Beaver vent. Sym 
bols as in A. The quartz "phenocryst" may be a porphyroblast, 
for it has very indistinct edges and seems to have grown outward 
at the expense of the groundmass.

About 20 percent of the rock in the vent breccias is 
estimated as new rock, mostly aegirine granite porphyry. 
Assuming this rock occurs in columnar bodies to a 
depth equal to the height of the North Mountain dome 
their volume would aggregate about 0.1 cubic mile.

SODA RHYOUTE PORPHYRY DIKES

The last phase of the igneous activity on North 
Mountain is represented by the intrusion of a series of 
soda rhyolite porphyry dikes. These cut the vent 
breccias. Unlike the dike-swarm complex almost all 
the soda rhyolite dikes trend southeastward parallel to 
the long axis of the North Mountain dome.

All the dikes are less than 5 feet wide but they are

long. One near Manns Peak is 1 mile long. It is off 
set by some minor faults northwest of Manns Peak 
but cuts all the earlier rocks.

Petrographically these rocks resemble the aegirine 
granite porphyry (fig. 115). Half the phenocrysts are 
sodic oligoclase or albite rimmed with perthite that in 
part at least has replaced the plagioclase. Other crys 
tals are wholly perthite. There is about 5 percent of 
quartz as phenocrysts but quartz is more abundant in 
the groundmass. Aegirine-augite occurs sparsely as 
phenocrysts but abundantly in the groundmass.

The quartz phenocrysts in these rocks are like those 
in the aegirine granite porphyry. They are euhedral, 
much fractured, and are lined concentrically with tiny 
needles (rutile?). Presumably they also are the high- 
temperature form of quartz.

The groundmass of the soda rhyolite porphyry ap 
pears megascopically much finer than that of the 
aegirine granite porphyry, but microscopically they are 
not very different.

The volume of these dikes probably equals that of 
the feldspathoidal dikes, about 0.02 cubic mile.

The table below gives the chemical analyses (in per 
cent) of three soda rhyolite porphyry dikes in the North 
La Sal stock.

SiO2 __.
A12O3-
Fe2O3 -.
FeO—
MgO_.
CaO__
Na,O-
K,O—
H2O-
H20+
Ti02 _.
ZrO2 -_
C02___
P205 -_
80,--.

MnO_ 
BaO_ 
SrO_- 
Li2O_

70.02
14.38

1. 17
.13
.61
.66

5.48
5.87
.27
. 44
. 10
.01
.38

Tr.
. 19
.03
.02
. 13
.06

Tr.

68.96
15.42
1.99

. 16

.22

.25
6.59
5.48
.22
.30
. 12
.04
. 13

Tr.
None

.01

.07
Tr.

None
Tr.

99. 95 99. 96

3
70.43
15. 14
1.01

. 10

.06

.97
6.32
4. 66 

. 09 

. 16 

.08
"""."68 

.00
5. 03

.07

99.83
1. Collected by Prindle in Beaver Basin and referred to as syenite aplite. W. F. 

Hillebrand, analyst. Reference: Clarke (1904, p. 191).
2. Collected by Prindle 1 mile northwest of Mount Waas and referred to by him as 

syenite porphyry. W. F. Hillebrand, analyst. Reference: idem.
3. Dike 500 ft northeast of Manns Peak. Lucille Kehl, U. S. Geological Survey, 

analyst.

SUMMARY OF THE STRUCTURAL HISTORY OF THE NORTH IA SAI STOCK

The history of the North La Sal stock begins with the 
physical injection of a stock of diorite porphyry. At 
first this stock arched the formations above it (Navajo 
Mountain stage), but, as it continued to rise, it domed 
the formations higher and breached them (Mount 
Holmes stage). When the stock had a diameter of about 
half a mile, the North Mountain dome probably was 
about 4,000 feet high. The country rock adjacent to
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the diorite porphyry was shattered and irregular dikes 
and sills extended outward from the stock into the sur 
rounding domed formations, but as yet there were no 
laccoliths (Mount Ellsworth stage).

Continued injection of diorite porphyry enlarged the 
stock to a diameter of about a mile, raised the dome to a 
height of about 6,000 feet, and gave rise to large bulbous 
laccoliths that spread first northwestward and south 
eastward from the stock. The later laccoliths that were 
intruded northeastward and southwestward from the 
stock were shorter, for they were transverse to the long 
axis of the dome. These early laccoliths spread in the 
Paradox member of the Hermosa formation, but, when 
that horizon was fully clogged with intrusions of diorite 
porphyry, the later laccoliths spread in the Morrison 
formation and Mancos shale. This continued until 
about 5.5 cubic miles of diorite porphyry had been 
intruded.

The intrusion of the diorite porphyry into the Para 
dox member of the Hermosa formation seems to have 
caused the salt to flow northwestward from in front of 
and beneath the intrusions.

The next stage in the history of the stock was the 
physical injection of monzonite porphyry (South Moun 
tain and Mount Pennell stage). It formed dikes and 
sills in the zone of the earlier diorite porphyry laccoliths 
and probably formed irregular dikelike or pipelike 
masses within the stock. During intrusion of the mon 
zonite porphyry there seems to have been a partial 
collapse at the northwest end of the dome, perhaps 
because of salt flowing out from under the earlier formed 
laccoliths. The monzonite porphyry in that part of the 
area contains breccias suggestive of explosion breccias. 
The monzonite porphyry was less viscous than the dio 
rite porphyry and spread in narrower intrusions. The 
volume of monzonite porphyry, however, is small com 
pared with that of the diorite porphyry and aggregates 
less than half a cubic mile.

After the monzonite porphyry stage, continued up 
ward shove of the intrusions developed transverse 
northeast-trending fractures across the center of the 
dome and developed radial zones of sheeted joints in the 
laccoliths around the stock. The dike-swarm complex 
intruded the northeast-trending fractures in the stock. 
The diameter of the stock probably was widened and 
the height of the dome raised to perhaps 7,000 feet, 
when dikes, which aggregate about 0.7 cubic mile, be 
came added to the stock. Intensive and extensive 
hydrothermal alteration began at this stage.

Next occurred what seems to have been the relatively 
passive intrusion of the soda syenite porphyry at Min 
eral Mountain. There is some evidence that the intru 
sion of the porphyry was accompanied by assimilation 
or, perhaps, replacement of the older rocks which it in

trudes, but it was in part at least physically injected and 
developed a set of fractures oriented more northeast 
than those that controlled the dike-swarm complex. 
Probably the dome was raised to its full height at this 
stage. The volume of soda syenite porphyry is about 
0.15 cubic mile; its intrusion was accompanied by con 
tinued hydrothermal activity.

An abrupt change in type of igneous activity occurred 
when the dome became breached and explosion breccias 
developed at volcanic centers in the eastern part of the 
stock and east of it. Perhaps this volcanic phase re 
sulted from further uplift breaching the overlying rocks, 
or perhaps erosion at the top of the dome had so thinned 
the overburden that it no longer could contain the in 
trusions. The release in pressure was accompanied by 
vesiculation and by a major change in type of intrusive 
rock to silica-rich varieties. Apparently no large 
amounts of lava or pyroclastic materials were extruded 
because the vent breccias are composed of the same 
kinds of rocks as lie around them.

Igneous activity on North Mountain ended with the 
intrusion of several soda rhyolite porphyry dikes. The 
structural history of the stock ends with displacement 
along some minor northeast-trending faults.

HOCK ALTERATION ON NORTH MOUNTAIN

Rock alteration in and around the North Mountain 
stock ranges from mild deuteric alteration of otherwise 
well-preserved feldspar phenocrysts to strong pneuma- 
tolytic alteration that destroyed all previous minerals 
and rock structures. These alteration effects in the 
La Sal Mountains were not studied carefully; and there 
fore we can do little more than report impressions and 
suggest problems awaiting further study.

STRUCTURAL CONTROL OF ALTERED ZONES

Contacts between intrusions, especially the edges of 
dikes, have been the location of minor hydrothermal 
alteration. This alteration is extensive, though not 
particularly intensive. The walls of the feldspathoidal 
dikes were favored, presumably because of their con 
tinuity and great length. The altered zones along the 
dike walls generally are only a few feet wide.

Some intrusions in and near the stock are massive 
and have fissures that occur singly or in zones only a 
few feet wide. Nevertheless in some of these intrusions 
the whole rock is altered, and seemingly without regard 
to fissures or contacts. Some of this alteration may 
have occurred while the melt was congealing, but that 
which follows zones of fracturing must have occurred 
after crystallization and must be the product of hydro- 
thermal activity.

The most extensive and most intensive alteration is 
along zones of vertically sheeted joints (pi. 43) that 
radiate from the stock into the surrounding laccoliths.
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In general these joint zones are along the flanks of the 
laccoliths; several of the widest and longest ones are 
shown on plate 39. These joints may be partly the 
result of original chilling but are chiefly the result of 
subsequent structural adjustments to later intrusions 
that caused shearing along the thin edges of the lacco 
liths. Porphyry generally is more altered than the 
adjoining sediments. Alteration may affect the outer 
few feet or outer few tens of feet of porphyry and may 
extend the whole length of the intrusion, as it does 
along the sill of monzonite porphyry on the north side 
of Placer Creek.

The longest and widest of the zones of vertically 
sheeted joints and hydrothermal alteration extends 
southeastward from the stock. In the vicinity of Pilot 
Mountain it is about a mile wide and includes all of 
Beaver Basin and most of Pilot Mountain. The fis 
sured rock is mostly diorite prophyry, though it is cut 
by many small younger intrusions and explosion brec 
cias. Very little of the diorite porphyry in this area 
escaped alteration.

Southeastward from Pilot Mountain the fissured zone 
divides into several branches. One of these extends 
southward across the head of Dry Fork. Increasing 
amounts of unaltered porphyry occur southward along 
this branch, but the fissuring and alteration persist to 
the southern edge of the intrusions. The alteration, 
however, does not extend into the sedimentary rocks 
at the outer edge of the intrusion.

Another branch of this southeast zone of fissuring 
extends through, mostly under, the saddle just north 
east of Manns Peak (pi. 43) and into the head of Deep 
Creek, the location of which evidently was determined 
by the fissure zone. Half a mile southeast of Manns 
Peak the zone again branches. One branch turns south 
ward along the southeast side of Mount Tomasaki. 
The other continues southeastward along the northeast 
flank of Mount Tomasaki, but it again divides into two 
branches north of the peak. These branches do not 
extend to the distal end of the laccoliths southeast of 
the stock.

Little is known about the zone of fissuring where it 
extends southeastward across Beaver Basin, because the 
basin is floored with glacial deposits and has few out 
crops. Apparently most of the western part of Beaver 
Basin is fissured, but southeastward the fissured zone 
divides into narrow branches separated by wider masses 
of unaltered diorite porphyry that are not noticeably 
fissured. At the east end of Beaver Basin the diorite 
porphyry is cut by two zones of vertically sheeted joints. 
One of these apparently follows the south flank of the 
diorite porphyry laccolith under Mount Waas; the 
other is in the north flank of the laccolith at Mount 
Tomasaki.

One of the most striking zones of vertically sheeted 
joints and hydrothermal alteration extends southwest- 
ward from Mineral Mountain into Tornado Basin. 
This fissured zone is 1,000 feet wide, and along it the 
rocks are extensively altered. The intensity of the 
shearing and alteration diminish rapidly southwestward 
in Schuman Canyon.

Another, but less conspicuous zone, extends south 
along the west side of Dry Fork of Mill Creek. Still 
another zone, though weakly developed, extends across 
Oregon Park into the head of Schuman Canyon. Very 
likely a considerable zone of fissuring extends down 
Placer Creek and controlled the location of that stream; 
but the fissured zone, if it exists, is buried under glacial 
moraine. The same can be said of the valley of Bache 
lor Basin where it drains northward from the stock.

Two other wide zones of jointing and hydrothermal 
alteration extend northwestward from the stock.

The zones of sheeted joints in the laccoliths struc 
turally resemble the dike-swarm complex in the stock. 
The dike swarm, which no doubt formed as a result of 
fissuring in the east part of the stock, accentuates the 
platy structure in the host rocks of the complex.

DEGREE OF ALTERATION

Four different degrees of rock alteration can be dis 
tinguished on the basis of how well the original minerals, 
as viewed by hand lens, are preserved.

1. Slightly altered porphyry: less than 50 percent 
of the hornblende has been altered; relict hornblende 
outlines are distinct despite the alteration, remainder 
of the hornblende is fresh; feldspars are clear except 
for slight cloudy mottling; the twinning is distinctly 
visible with hand lens and in reflected light; distinct 
tiny crystals of unaltered original magnetite are 
abundant.

2. Moderately altered porphyry: hornblende almost 
entirely gone but some relict outlines can be seen; feld 
spars are cloudy; twinning is difficult to see with a hand 
lens, although it may be distinct microscopically under 
crossed nicols; magnetite is altered and the rock is 
much stained with limonite.

3. Severely altered porphyry: original mafic minerals 
are removed; sulfides or secondary oxides may have 
been introduced; feldspars in part soft and powdery.

4. Recrystallized porphyries: alteration is so com 
plete that a new suite of minerals makes up a consider 
able part of the rock.

ALTERATION MINERALS

Several different secondary minerals were developed 
by the alteration: epidote, hematite, pyrite, calcite, 
quartz, actinolite-hedenbergite, fluorite, clay minerals, 
sericite, albite, and perthite.
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FIOUEE 116.—Thin sections of altered rocks. Diameter of fields about 
2 mm. A. Quartz porphyroblast and quartz veins (q) in diorite

Epidote forms tiny veinlets coating the walls of 
widely spaced joint cracks in otherwise unaltered di 
orite porphyry. Epidote is most abundant far from 
the stock and at the distal ends of the zones of vertically 
sheeted joints.

Hematite occurs in three ways: as veins of specular 
hematite, as porphyroblasts, and as disseminated specks 
coating other minerals or filling the interstices between 
them.

The specular hematite in veins occurs mostly in the 
zones of vertically sheeted joints and nearer the stock 
than does the epidote. Like epidote, it coats the walls 
of joint cracks between which the diorite porphyry has 
been altered only slightly.

Cubes of hematite locally are abundant as porphyro 
blasts in severely altered parts of the diorite or monzon- 
ite porphyries. These porphyroblasts probably are of 
two kinds—in part they seem to be the result of super- 
gene alteration of pyrite and in part they seem to be 
due to alteration of magnetite that was derived from 
pyrite. The hematite cubes commonly are abundant 
and large along joints or other openings; some cubes 
may be 12 millimeters in diameter. Tiny cubes also 
occur widely within the altered rock. That these are 
due to supergene alteration is indicated by the fact that 
the hematite is mixed with limonite and commonly is 
restricted to a selvage zone an inch or so wide along 
the joints; in the interior, the rock contains unaltered 
sulfides or magnetite.

Hematite also is abundant in the vent breccias where 
it occurs most commonly in aureoles surrounding the 
vugs (fig. 114) and in tiny specks finely disseminated 
through the matrix, coating other minerals, or filling 
the interstices between them.

Pyrite, locally accompanied by small amounts of 
chalcopyrite, occurs in veins along fissures and dis 
seminated in the porphyries (fig. 116). Pyritic altera 
tion is extensive in the stock and in the zones of verti 
cally sheeted joints that extend into the laccoliths, but 
this alteration does not extend so far from the stock 
as does the specular hematite or epidote.

In the fissures the sulfides generally are scattered 
irregularly along the open cracks or as narrow stringers 
a few inches long. They may be associated with calcite, 
quartz, or occur in the clay gouge. The amount of 
sulfides in the fissures, though, is small as compared 
with the amount occurring as porphyroblasts or as 
small crystals disseminated in the host rocks. Within a 
couple of hundred feet of the surface much of the pyrite 
has been replaced by magnetite or limonite.______

porphyry, o, oligoelase. B. Caleite nests (black) in diorite porphyry, 
o, oligoelase, with sericitized and aigillized borders, h, relict horn 
blende. C. Pyrite porphyroblasts (p) in diorite porphyry, o, oligo 
elase. D. Argillie selvage (dotted area) in feldspar (f) bordering vein 
of quartz and calcite (qc).
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Calcite is widely distributed and occurs as veins, 
porphyroblasts, or as an interstitial filling that is finely 
and widely disseminated in the altered porphyries 
(fig. 116).

The vein calcite in part occurs as a granular, sugary 
mass and in part as well-developed inch-size crystals. 
In some veins, calcite is intergrown with quartz, there 
being several generations of each. Locally these veins 
contain minor amounts of sulfides. Calcite veins 2 
feet or more wide are not numerous, but they may 
persist for a thousand feet or more along a fissure. 
Calcite veins an inch or less wide are abundant.

The disseminated calcite locally occurs as porphyro 
blasts in the altered porphyry but more commonly 
occurs as an interstitial filling in the goundmass or as 
replacement of hornblende or even feldspar.

Although quartz and calcite are found together in 
some veins, very commonly the calcitic and the silicic 
alterations seem to have been mutually exclusive. Most 
of the Mineral Mountain part of the stock, for example, 
is free of calcite but contains numerous quartz veins. 
Similar areas of quartz veins that contain little or no 
calcite are found along the Beaver Basin side of Pilot 
Mountain and on the southeast slope of that mountain.

Secondary quartz also occurs in veins as porphyro 
blasts and in nests filling interstices between earlier 
minerals in the porphyries. (See fig. 116).

The vein quartz is of two kinds and occurs in several 
generations. Veins of bull quartz several feet wide 
occur along a few fissures on Mineral Mountain and 
at one fissure on the ridge southeast of Pilot Mountain. 
Quartz veins an inch or so wide are numerous south 
of Manns Peak, on the Beaver Basin side of Pilot 
Mountain, on the southeast slope of Pilot Mountain, 
head of McCormick Park, and on Mineral Mountain. 
More than one generation of veins of bull quartz is 
indicated at numerous places where one set of veins is 
displaced by cross fissures that also are filled with bull 
quartz.

Associated with the bull quartz locally are minor 
amounts of chrysocolla and chalcedony, the latter very 
generally being later than the quartz.

The second type of vein consists of comb quartz, in 
crystals as much as 2 inches long. Some of these are 
smoky quartz. The comb quartz is younger than the 
bull quartz and not uncommonly is encased in still 
later calcite.

Wide veins of bull quartz and comb quartz are lentic 
ular and discontinuous, but networks of anastomosing 
vemlets form quartzose zones a few hundred feet wide 
and many hundreds of feet long. Quartz porphyro 
blasts occur locally in many of the porphyries. Some 
of these are rounded and embayed, as if being resorbed

by a surrounding melt (fig. 109(7). The porphyroblasts 
in the syenitic porphyries are euhedral bipyramids. 
They are in part high-temperature quartz (p. 332), they 
contain abundant rutile(?) needles arranged concen 
trically, and many of the porphyroblasts are thoroughly 
shattered (fig. 115). Presumably they represent a 
temperature condition higher than that which prevailed 
when the diorite porphyry was injected.

Other quartz occurs in the porphyries in irregular 
nests of anhedral crystals and in part as an interstitial 
filling between earlier minerals.

Veins and disseminated crystals of hedenbergite, 
actinolite, and aegirine-augite are common in the 
syenitic porphyries. They have already been de 
scribed (p. 330).

Traces of fluorite occur in several veins in the central 
and eastern parts of the stock. The fluorite occurs in 
part as euhedral crystals one-eighth inch across or as 
a powdery mass interstitial in calcite. It seems to be 
later than the calcite or quartz with which it is associ 
ated, for it coats vugs in the quartz or calcite veins or 
occurs interstitially in the calcite.

Argillic alteration has occurred locally along the 
outer edge of the stock, notably at the pass between 
Miners Basin and Bachelor Basin, at the Dillon adit, 
and on Grouse Hill. The shape of the clayey masses 
is not known—they are at least 25 feet wide, but per 
haps they are elongated vertically or horizontally along 
the outer edge of the shatter zone. Perhaps, too, the 
clay is merely a gouge developed along faults peripheral 
to the stock.

The oligoclase in the porphyries has been extensively 
altered to a cloudy cryptocrystalline presumably 
clayey material (fig. 1165, Z>). In general, this argillic 
alteration of the feldspars occurs near the stock. 
Farther from the stock, the alteration of feldspars in 
diorite porphyry most commonly is to sericite (fig. 
117).

The plagioclase feldspars are potash bearing, and the 
potash feldspars contain soda. As a result, in the 
syenitic series of rocks there is a curious suite of feldspar 
phenocrysts in the porphyries (fig. 117B-D).

In the dike-swarm complex some phenocrysts of 
oligoclase are mottled with perthite that has developed 
parallel with the albite twins. In the soda syenite 
porphyry large crystals of soda orthoclase are rounded 
as if they had been dissolving in a melt, and the in 
teriors of the phenocrysts are irregularly mottled with 
intergrowths of soda and potash-rich feldspar (fig. 
112,4). In the aegirine granite and soda rhyolite 
porphyries relict oligoclase phenocrysts commonly have 
a border of orthoclase and an interior of albite laths, 
orthoclase, and oligoclase (fig. 117).
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FIOXJRE in.—Thin sections illustrating alteration of feldspar. Diam 
eter of fields about 2 mm. A. Oligoclase (black) replaced by sericite 
(white), Dorry Canyon laccolith. B. Oligoclase (black) mottled by 
peithite (white), dike-swarm complex. C. Oligoclase (o) replaced by 
orthoclase (or) at rim and by orthoclase and albite (ab) in interior. 
Soda rhyolite porphyry dike south of McOormick Park. D. Similar 
to C, but recrystallization more complete. No Oligoclase remains; 
crystal now is orthoclase (black) and albite (white). Soda rhyolite 
porphyry dike 750 feet northeast of Manns Peak.

DISTRIBUTION OF METAIS

As an aid in judging the relative importance of the 
differentiation and alteration sequences in controlling 
the distribution of different kinds of metals in the La 
Sal Mountains, several scores of grab samples were 
collected to determine:

1. Variations in metal content in the unaltered 
diorite, monzonite, and syenite porphyries.

2. Variations in metal content in various hydro ther 
mally altered facies of each of the principal types of 
porphyry.

The analyses for copper, lead, and zinc were made 
by H. E. Crowe, the analyses for selenium by R. F. 
Dufour and J. W. T. Meadows, and the radiation 
analyses by S. P. Furman, all in the laboratories of the 
Geological Survey.

The copper, lead, and zinc content of the rocks in 
creases slightly from diorite to syenite porphyry. Un 
altered diorite porphyry contains about 70 ppm (parts 
per million) of copper, lead, and zinc. Unaltered sye 
nite porphyry averages about 170 ppm of copper, lead, 
and zinc. The hydro thermally altered porphyries, 
however, contain, locally, many thousands of parts per 
million of copper, lead, and zinc.

Selenium also seems to be related to the hydro thermal 
series and not to the magmatic series, as follows:
Number of Se 

samples Rock type (average ppm)

9 Syenite porphyry.__________________________ ___ <CO. 50
5 Aegirine granite and soda rhyolite porphyries and <C. 50

	vent breccia. 
25 Diorite porphyry in laccoliths-__________________ .50
10 Metadiorite___---__.._-------.-_.----_-__---__ 1.33
14 Fresh, unaltered rocks_______--__-_---_____-__ <. 50
23 Hydrothermally altered rocks___________________ 1. 30

The selenium content of the rocks that have not been 
hydrothermally altered is about the same whether the 
rocks are of dioritic, syenitic, or granitic composition. 
But these unaltered rocks contain only about one-third 
as much selenium as do the hydrothermally altered 
ones. The greatest quantities of selenium occur in 
those hydrothermally altered rocks having the highest 
content of copper, lead, and zinc.

The samples of hydrothermally altered materials also 
can be arranged in suites representing five traverses 
that radiate from the stock. In all five the content of 
copper, lead, zinc, and selenium decreases away from 
the stock.

The content of radioactive substances on the 
other hand appears to show more relation to the mag 
matic series than to the hydrothermal series.
Number of 
samples

eTJ
(average 
percent)Rock type 

9 Syenite porphyry______________________________ 0.005
5 Aegirine granite and soda rhyolite porphyries and

vent breccia.______________________________ . 004
25 Diorite porphyry in laccoliths.-____-__-_-_--___- .0015
10 Metadiorite___________________._____ .0016 
14 Fresh, unaltered rocks.. ________________________ .0023
23 Hydrothermally altered rocks.__________________ . 0020

The radioactivity of unaltered rocks averages about 
the same as the altered ones. On the other hand, the
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radioactivity of the youngest intrusions, which are 
potash rich, is four times as great as it is in the earlier, 
less potassic intrusions. Radon has been identified 
in some of the adits in the soda syenite porphyry 
(p. 356), and most of these adits in the soda syenite 
porphyry show ^radioactivity about three times that 
of the background. This is especially noticeable in 
the High Ore adit, where the increase in radioactivity 
showed only in that part of the workings that extend 
into the soda syenite porphyry (p. 357).

SOURCE OF THE ALTERATION PRODUCTS

In only a few mining districts is it possible to answer 
the question, where did the metal come from? The 
studies of the intrusions and alteration zones in the 
La Sal Mountains suggest a partial answer for this 
area.

The area of calcitic alteration aggregates about 1.5 
square miles, is assumed to extend to the base of the 
laccoliths—at least one-half mile in depth—and to 
contain an average of 5 percent of calcite. The volume 
of calcite, therefore, is 0.075 cubic mile, of which, 
roughly, half is calcium oxide and half is carbon dioxide.

This quantity of calcium oxide could be derived by 
albitization of 2 cubic miles of porphyry so as to reduce 
its calcium oxide content from 4 to 2 percent. Much 
more than this volume of porphyry has been albitized, 
so there appears to be an adequate local source for the 
calcium oxide. It must be noted that the calcitic 
alteration is less extensive than the albitization and 
the two do not coincide. The calcium oxide, there 
fore, must have been transported to the areas of cal 
citic alteration, but the distance it must have moved 
need be only hundreds of yards.

It should also be noted that, if the calcium oxide 
were added to the syenitic facies of the stock, the ratio 
of calcium oxide and alkalies in those rocks would 
approach that of the diorite porphyry.

The volume of quartz probably is somewhat less 
than the volume of calcite and may approximate 0.05 
cubic mile. This volume of quartz could be obtained 
from the 2 cubic miles of syenite in the stock by separat 
ing 2K percent of silica from it, or by separating only 
half of 1 percent silica from the whole mass of igneous 
rock including the 7 cubic miles of dioritic magma. 
Perhaps, however, the quartz is not a direct differentiate 
but was derived by the hydro thermal leaching that 
produced the argillic alteration of the feldspars in 
the porphyries.

The quantity of epidote is small and may have been 
derived largely from the alteration of hornblende. 
The total area of the alteration zones in which epidote 
is the dominant alteration mineral is perhaps half a 
square mile and it occurs probably to a depth of 2,500

feet. If this half-cubic mile of rock contains 0.01 
percent epidote, the total volume of epidote would be 
0.00005 cubic mile, or about 250,000 cubic yards.

Hornblende comprises 15 percent of the diorite 
porphyry; thus about 0.0001 cubic mile of hornblende 
would have to be altered to provide the calcium oxide 
and aluminum oxide required for the epidote zone. 
This volume represents 0.0006 cubic mile of diorite 
porphyry. But the hornblende is 50 percent removed 
in at least 2 square miles of the alteration zones; if the 
average depth of hydro thermal leaching is 2,500 feet, 
a full cubic mile of diorite porphyry has lost 50 per 
cent of its hornblende—obviously more than enough 
to provide the materials for the epidote zone.

In the pyritized rocks the hornblende or other mafic 
mineral has been removed and presumably these mafic 
minerals were the source for the iron. The amount of 
sulfide (or iron oxide) in these rocks is about the amount 
that would be expected if the iron were released from the 
mafic minerals, for the porphyries that originally con 
tained about 15 percent of hornblende now contain 
about 5 percent of pyrite. The pyrite, however, is 
irregularly distributed, parts of the altered zones are in 
effect without sulfides, iron oxide, or mafic minerals 
whereas adjoining areas are strongly pyritized. If the 
iron was derived from the mafic minerals, it probably 
has not moved far. The sulfur must have been added 
and must have been brought from greater distances than 
was the iron.

The pyritized rocks cover at least 2 square miles. As 
this area includes the stock and immediately adjoining 
parts of the laccoliths, the pyritization probably aver 
ages 1 mile in depth. The total pyrite, therefore, is 0.1 
cubic mile, roughly half of this being sulfur and the 
other half iron. There is adequate local source for this 
amount of iron and for the iron in the specular hematite 
and epidote zones too. The quantity of sulfur in the 
combined form represents about 0.5 percent of the total 
volume of igneous rock in the mountain but about 2.5 
percent of the volume of the stock.

MIDDLE MOUNTAIN

The intrusions on Middle Mountain (pi. 44) consist 
of a central stock surrounded by laccoliths that radiate 
from it. The stock is in Gold Basin, but, unlike the one 
at North Mountain, it is very poorly exposed and little 
is known about it.

The Middle Mountain dome differs from that at 
North Mountain in being almost circular, and the lac 
coliths within it are equally long in all directions in 
cluding those transverse to the regional structure. 
Whereas most of the laccoliths at North Mountain 
spread in the Paradox member of the Hermosa forma 
tion, those in Middle Mountain spread in the Mancos
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shale. Moreover, the fact that the flanks of the Middle 
Mountain dome are smooth indicates that there are no 
large laccoliths in the Paradox under that dome.

The intrusions on Middle Mountain are composed 
wholly of diorite porphyry and aggregate only about 1.6 
cubic miles. Three-quarters of this volume is con 
tained in two large laccoliths, one at Mount Tukuhni- 
kivatz and the other at Mount Peale, both intruded in 
the Morrison formation.

The laccoliths and stock on Middle Mountain are 
composed of diorite porphyry entirely like that already 
described on North Mountain. The noselite (sodalite?) 
syenite porphyry on Brumley Ridge is geographically a 
part of Middle Mountain but may belong genetically 
with the feldspathoidal series of North Mountain.

BRUMLEY CREEK LACCOLITH

The Brumley Creek laccolith, which occupies the 
ridge along the south side of Brumley Creek, extends 
about \% miles northwest from Gold Basin. The crest 
of the ridge, along which the roof of the laccolith is ex 
posed, is about 750 feet higher than Brumley Creek to 
the north and about 400 feet higher than Dorry Canyon 
to the south. The floor of the laccolith is about halfway 
down the slope to Brumley Creek and probably is at 
about the same altitude on the Dorry Canyon side. 
The laccolith is about half a mile wide. Its maximum 
thickness, about 450 feet, is near the west end of the 
intrusion, near the % corner on the south side of sec. 9 
T. 27 S., R. 24 E.

This laccolith is in the lower part of the Morrison 
formation (fig. 118). The floor is almost horizontal but 
dips slightly west. No exposures of the floor contact 
were found, but its position can be determined closely

in the steep south wall of the valley of Brumley Creek. 
The roof is exposed in the west part of sec. 15.

In the first mile northwestward from the stock in 
Gold Basin the laccolith maintains a fairly uniform 
thickness of perhaps 300 feet, but the distal and western 
half mile of the intrusion broke upwards through the 
roof. Crossing the ridges in the NE}£ sec. 16 is an 
almost vertical contact cutting off the ends of the 
sandstone beds that form the roof to the east. This 
discordant bulge has a structural relief of about 150 
feet. Its topography probably approximates its original 
structural form.

In the NE% sec. 16 the roof of the Brumley Creek 
laccolith dips south towards the north wall of the Dorry 
Canyon laccolith. There may be a fault along this 
part of Dorry Canyon because the two intrusions seem 
to be at about the same stratigraphic position, but no 
northward dip off the roof of the Dorry Canyon lac 
colith was found. The possible fault might also account 
for the steep north side of the Dorry Canyon laccolith.

Downcutting in Gold Basin has severed the Brumley 
Creek laccolith from the stock. Presumably the lac 
colith once extended across most of the north half of 
sec. 15, and only the thin south edge of the laccolith, 
in the center of sec. 15, remains.

The Brumley Creek laccolith is tongue shaped and 
its axis trends west-northwest from the stock. It thins 
rather uniformly southward from the axis and may 
have thinned similarly to the north. Its west end 
bulged discordantly and lifted the roof by a fault that 
is on the stock side of the bulge. It is not known 
whether the west side of the bulge was lifted by folding 
or by faulting.

The volume of the Brumley Creek laccolith is about 
0.03 cubic mile.
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FIOUKE 118.—View west in Gold Basin. The observer is standing in the stock. The view toward Mount Tukuhnikivatz is approximately along the axial bulge of that 
laccolith. Near the stock, the north (right) wall of the laccolith discordantly cuts across a few hundred feet of strata. The upper ends of two dikes in these strata trend 
almost west and probably are the feeders for the Dorry Canyon laccolith. In the lower part of the Morrison formation is the south (left) edge of the Brumley Creek 
laccolith.
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DORRY CANYON LACCOLITH

The Dorry Canyon laccolith forms the ridge along 
the south side of the head of Dorry Canyon and extends 
1% miles west from Gold Basin. It has a maximum 
width of 1 mile and a maximum thickness of not less 
than 500 feet.

Exposures on the side towards the stock are good 
but not complete enough to reveal whether the laccolith 
continues eastward under the sedimentary formations 
exposed there or connects with the dikes that cut the 
sediments. Probably the laccolith was fed by the dikes, 
and if so its bulging part does not extend much east 
of sec. 16.

The laccolith is in the lower part of the Morrison 
formation except at the easternmost end where it has 
cut upward into the middle part of the Morrison. The 
distal end of the laccolith abuts into an area where the 
host rocks are tilted and faulted, but exposures there 
are not satisfactory. The mapping in the E% sec. 17 
and adjoining part of sec. 16 may be in error. The 
distal end of the laccolith forms a cliff 300 feet high 
and three-quarters of a mile long. The sedimentary 
formations are exposed only a few hundred feet west 
from its base.

The Dorry Canyon laccolith ends northward at a 
steep hillside paralleling the strike of the sandstone 
beds, which dip 25° southward off the roof of the Brum- 
ley Creek laccolith. This flank of the Dorry Canyon 
laccolith is as steep at its western and distal end and 
may be along a fault.

The roof of the laccolith dips about 25° S., and the 
intrusion thins southward in a tapering wedge in the 
north part of sec. 21.

To the east the main body of the laccolith is sepa 
rated from the stock by a ridge of sediments that dip 
about 25° S. These sediments are cut by several dikes 
that end both upward and downward in the steep wall 
overlooking Gold Basin (fig. 118). Lmeation in the 
dikes is horizontal and parallel to the side walls, and 
the dikes probably are the conduits that fed the Dorry 
Canyon laccolith. The general form of the Dorry Can 
yon laccolith, therefore, is like an axe laid on its side, 
with cutting edge to the south and a slender handle or 
handles extending east.

The volume of the laccolith is about 0.05 cubic mile.

MOUNT TUKUHNIKIVATZ LACCOLITH

The Mount Tukuhnikivatz laccolith extends 1 % miles 
southwestward from Gold Basin. The laccolith forms 
Mount Tukuhnikivatz, the ridge extending northwest 
from its peak, and the outer slope of the mountain to 
wards Hell Creek. It is 1 mile wide and its maximum 
thickness is at least 2,000 feet.

The floor of the laccolith is not exposed. It must be 
lower than Gold Basin at the northeast end and below 
10,000 feet on the distal or southwest end. The peak 
of Mount Tukuhnikivatz is about 13,000 feet; there 
fore, even assuming a southwest slope for the floor, the 
laccolith must be at least 2,500 feet thick in its central 
part.

In Gold Basin, where the walls of the laccolith are 
well exposed, the side contacts are nearly vertical and 
cut discordantly upward from the middle part of the 
Morrison formation to the Dakota sandstone (fig. 118). 
Where the side wall crosses the summit ridge east of 
Mount Tukuhnikivatz, the laccolith is hi contact with 
uppermost Morrison or lowermost Upper Cretaceous 
strata. The contact is almost at right angles to the 
strike of the beds adjoining it, and the stratigraphic 
discordance along it is at least 700 feet. The north 
side of the laccolith roughly parallels the strike of the 
adjoining formations which, at the contact, dip about 
10° S. But this dip is only half as great as it is 1,000 
feet north of the contact and may reflect upward drag.

Along the southwest or distal end of the laccolith, 
exposures are poor but this edge of the laccolith ap 
pears to be concordant at about the contact between 
the Morrison formation and formations of Late Cre 
taceous age.

The upper surface of the laccolith, which probably 
marks the roof at least approximately, plunges about 
35° towards Hell Canyon.

At the northeast base of Mount Tukuhnikivatz the 
laccolith is sheeted by joints that roughly parallel the 
side walls but dip less steeply. Upwards the dip of the 
sheeting diminishes as if the joints were curved across 
the upper part of the laccolith to meet those rising from 
the opposite side.

Locally the porphyry is flow banded roughly parallel 
to the side walls.

The Tukuhnikivtaz laccolith has a volume of about 
0.6 cubic mile. Its axis extends southwestward from 
the stock in Gold Basin, a direction that is transverse 
to the regional structure. Its large volume, general 
form, discordant sides and structural setting are quite 
distinctive from the smaller and more concordant in 
trusions like the Dorry Canyon and Brumley Creek 
laccoliths that were injected parallel to the regional 
structure. The Tukuhnikivatz laccolith may be later 
than the Dorry Canyon and Brumley Creek laccoliths 
and was turned southwest by those intrusive masses.

INTRUSIONS AT HEAD OF LA SAL CREEK

At the head of La Sal Creek and in the southern part 
of Gold Basin, mostly in sec. 23 T. 27 S., R. 24 E., the 
Morrison formation is broken by numerous small faults
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FIGURE 119.—View west across cirque at head of North Fork of La Sal Creek. Tp, dlorite; Jm, Morrison formation.

and intruded by an irregular mass of diorite porphyry 
(fig. 119). In the divide between the head of La Sal 
Creek and Hell Canyon (SW% sec. 23) the porphyry is 
overlain concordantly by beds in the middle part of the 
Morrison formation. The roof rocks dip about 35° S. 
In the head of La Sal Creek, however, the contact trends 
northeast and is vertical and discordant. It trends 
about 45° obliquely across the strike of sandstone beds 
in the lower part of the Morrison formation. In the 
SEX of sec. 23 the contact cuts upward several hundred 
feet into the upper part of the middle unit of the Morri 
son formation. On the summit ridge this intrusion is in 
contact with other intrusions that have not been sepa 
rated from it. The wedge-shaped outcrop of Morrison 
formation on the summit ridge at the very head of La 
Sal Creek and Hell Canyon may be the floor of the in 
trusion but it discordantly cuts these strata, crosses the 
summit ridge, and extends as an irregular dikelike mass 
northward into Gold Basin where it forms a ridge 
between two cirques.

The volume of these intrusions probably is only about 
0.01 cubic mile.

MOUNT PEAIJE iLACCOUTH

The Mount Peale laccolith underlies Mount Peale, 
the cirque at the head of Dark Canyon, and the summit 
ridge lying between the head of Dark Canyon and Gold 
Basin. This laccolith and the Mount Tukuhnikivatz 
laccolith are the largest on Middle Mountain. The 
Mount Peale laccolith extends 2 miles southeastward 
from the stock; it is 1 mile wide in the head of Dark 
Canyon and 1}£ miles wide under Mount Peale. It 
intrudes the Morrison formation.

The roof of the laccolith is fairly well exposed around 
the sides of Mount Peale about 500 feet below the peak. 
The roof is sandstone belonging to the lower part of the 
Morrison formation. The peak is also capped by a sand 
stone bed that probably is in the middle or upper parts 
of the Morrison.

On Mount Peale the roof rocks dip 15°-25° W., and, 
except for minor irregularities, the contact at the top 
of the porphyry is concordant.

Westward from Mount Peale the roof rocks are cut 
discordantly by the porphyry along an essentially ver 
tical but irregular contact trending somewhat east of 
south and crossing the summit ridge in the saddle 700 
feet west of the peak. This porphyry may be a separate 
intrusion, but probably it is part of the Mount Peale 
laccolith that broke upward several hundred feet 
stratigraphically higher than the part of the laccolith 
underlying the peak. Its top, however, has been eroded, 
and its original form and extent must be inferred.

No roof rocks were found on that part of the laccolith 
that forms the ridge between Dark Canyon and Gold 
Basin.

The outcrops of porphyry along the east foot of 
Mount Peale probably are near the original distal edge 
of this intrusion. Close by are beds of sandstone, be 
longing in the lower part of the Morrison, that dip 50° 
away from the intrusion.

The sides of the intrusion, along the northeast foot of 
Mount Peale and along the southwest side of the moun 
tain, seem to be steep and discordant like the side walls 
of the Mount Tukuhnikivatz laccolith. Along the north 
foot of Mount Peale, in Dark Canyon, the beds nearest 
the porphyry are sandstone belonging to the lower part
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of the Morrison formation. On the west side of Dark 
Canyon the contact between the porphyry and Morrison 
is vertical and cuts upward to beds in the middle or 
upper parts of the Morrison.

West of Mount Peale, in the La Sal Creek drainage, 
the porphyry appears to rest concordantly on shale 
probably belonging to the middle part of the Morrison 
formation; a short distance southeast the porphyry 
seems to be on sandstone that is somewhat higher 
stratigraphically than the shale. These strata dip south 
more steeply than does the trace of the porphyry out 
crop. The contact must dip steeply northeastward into 
the mountain and discordantly cut downward across 
the middle and lower parts of the Morrison.

In the cliffs at the north foot of Mount Peale and 
along the summit ridge between Dark Canyon and 
Gold Basin the diorite porphyry is jointed in vertical 
sheets that approximately parallel the north 
side of the laccolith. Linear structures within this 
part of the porphyry are roughly horizontal and parallel 
to the sheets. Along this zone of sheeted joints is 
weak pyritic alteration.

The volume of diorite porphyry in the Mount Peale 
laccolith probably is roughly 0.5 cubic mile.

MOUNT MELLENTHIN I/ACCCMLITHS

Mount Mellenthin (pi. 44), one of the three high 
peaks in Middle Mountain, is the erosion remnant of 
two laccoliths, both of which are in the Mancos shale.

The floor of the southeasterly laccolith is exposed in 
the headward part of Horse Canyon, at the south foot 
of Mount Mellenthin, and in the cirque at the head of 
the valley draining to Blue Lake. The floor is Mancos 
shale, about 75 to 150 feet above the Dakota sandstone, 
and is baked to hornfels for 15 or 20 feet below the 
floor of the intrusion.

The steep distal edge of the laccolith is exposed on 
the northeast and southeast spurs of the mountain. 
This contact is irregular but dips about 75° away from 
the intrusion. The shale exposed on the northeast spur 
is baked to hornfels that is crumpled and slickensided 
for 20 feet away from the contact. This shale contains 
numerous Gryphaea newberryi.

Diorite porphyry in contact with the shale has an 
inch selvage of crushed phenocrysts that are dragged 
linearly parallel to the dip of the contact but conform 
to irregularities in it.

In the head of the valley between these two spurs 
the floor is exposed. The porphyry for 100 to 200 feet 
above the floor is sheeted by vertical joints that trend 
somewhat south of west. Phenocrysts in the porphyry 
are crudely alined parallel to the sheeting and roughly 
horizontal.

Separating this laccolith from one that forms the

northwest part of Mount Mellenthin is a band of 
Mancos shale that extends up the slope from Horse 
Canyon, crosses the summit about 200 feet west of the 
peak, and extends down the north slope for 200 or 300 
feet. The shale is baked to hornfels but fragments of 
ammonites are still preserved in it. At the summit the 
shale dips 70° W., but it is cut off on the north side of 
the mountain by the more steeply dipping floor of the 
laccolith to the west. Below the lower end of this band 
of shale and a few hundred feet northwest of it is an 
isolated block of Mancos shale dipping northwest. 
Except for this shale block, the two laccoliths are in 
contact with one another on the north slope of Mount 
Mellenthin and have not been separated.

The more western of the two Mount Mellenthin 
laccoliths appears to be less concordant than the eastern 
one. In the wall of Horse Canyon it is in contact with 
sandstone that is uppermost Morrison or Dakota, but 
northward the floor rises into the Mancos. Presumably 
this intrusion is phacolithic against the steep northwest 
flank of the eastern laccolith.

On the south side of Horse Canyon is an irregular 
mass of porphyry 750 feet wide and having side walls 
trending northeast. Northeastward this porphyry 
divides into three dikelike masses, which apparently 
fed the two Mount Mellenthin laccoliths. The map 
(pi. 39) shows two of the dikes crossing the canyon 
bottom where the rocks are concealed, but they may 
not extend that deeply into it; the dikes may have floors 
like the feeders to the Dorry Canyon laccolith. The 
middle of the three dikes, the one aimed with the peak 
and probably the feeder for the southeast Mellenthin 
laccolith, appears to be separated on the outcrop from 
the laccolith. The dike cuts the Dakota sandstone 
but seems to end upward in Mancos shale.

Where the westerly dike joins the west Mellenthin 
laccolith, the porphyry has been hydrothermally 
altered.

The Mount Mellenthin laccoliths cover about three- 
quarters of a square mile and have a maximum thick 
ness of about 1,000 feet. Their volume, therefore, is 
about 0.15 cubic mile.

The seeming phacolithic relationship of the western 
laccolith to the eastern one, the alinement and location 
of the feeder dikes, the hydrothermal alteration on the 
southwest side of the western laccolith, and the internal 
structures along the east side of the eastern laccolith, 
all point towards the Gold Basin stock as being the 
source of these intrusions.

BLUE LAKE LACCOLITH

The Blue Lake laccolith is northeast of the Mount 
Mellenthin laccoliths and forms the high part of the 
ridge that extends northwest of Blue Lake. Along the
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north side of the ridge, shale belonging to the middle 
part of the Morrison formation is exposed below the 
laccolith and on its roof. The roof rocks dip 35° and 
the floor dips 10° W. near the foot of Mount Mellenthin. 
Eastward, however, the floor of the laccolith abruptly 
plunges eastward as if the laccolith were bent by a 
transverse fold trending about nortjh. Part of this 
change in dip seems to reflect discordant intrusion be 
cause the east end of the porphyry is in sandstone at 
least 150 feet stratigraphically lower than the beds at 
the flexure. In the valley at the east foot of Mount 
Mellenthin the laccolith is much higher in the Morrison 
formation and perhaps in Mancos shale.

No exposures of the contacts were found along the 
south side of the ridge and possibly this laccolithic 
intrusion connects with the isolated mass of porphyry 
exposed on the next ridge 1,000 feet to the south.

The exposed part of the Blue Lake laccolith is only 
a couple of hundred feet thick. It is three-fourths of 
a mile long and one-fourth mile wide. How far it 
extends southwestward under the Mount Mellenthin 
laccoliths is not known. The volume of the exposed 
segment is about 0.01 cubic mile.

INTRUSIONS IN HORSE CANYON

At the head of Horse Canyon, on the summit ridge 
south of Mount Mellenthin, is a small but well-exposed 
laccolith in Mancos shale. The floor of the laccolith is 
nearly horizontal and about 100 feet above the base of 
the Mancos. The roof has been completely removed, 
so the original extent and form of the intrusion are not 
known.

The most interesting feature of this laccolith is the 
feeder dike that extends northwestward along the south 
wall of Horse Canyon where it connects with the con 
duits that fed the Mount Mellenthin laccoliths.

The intrusion covers only about 40 acres and the 
maximum thickness preserved is about 200 feet.

In the NW% sec. 11, T. 27 S., K. 24 E., is a mass of 
slide-rock composed entirely of porphyry boulders, 
probably representing the frost-riven upper surface of 
an intrusion. Its general outlines, concordant with 
nearby ridges of sedimentary rocks, suggest that it is 
a sill. Its stratigraphic position is in the middle part 
of the Morrison formation.

BRUMLEY RIDGE NOSELTTE SYENITE PORPHYRY

The noselite (sodalite?) syenite porphyry on the 
Brumley Kidge in sees. 4 and 9, T. 27 S., K. 24 E., is 
topographically part of Middle Mountain but petro- 
graphically this intrusion is quite unlike the other 
intrusions on Middle Mountain, which are exclusively

diorite porphyry. Probably it is a part of the North 
Mountain feldspathoidal series. Whether the intrusion 
is a dike or a sill is not known. No contacts between 
it and the surrounding sedimentary rocks were found. 
The intrusion is in the middle part of the Morrison 
formation and forms a ridge 75 to 100 feet high.

At its southeast edge the intrusion forms a dikelike 
ridge, 200 feet wide and arcuate in plan. Southeast 
ward this ridge ends in a cliff; northwestward it breaks 
off in a series of rockslides. The northwest limits of 
the intrusion are very ill defined because the downhill 
dip of the shale has caused sliding and masses of the 
porphyry have moved northwestward with the shale. 
Even on the highest part of the ridge, the porphyry 
has many open crevasses. Possibly the entire mass is 
out of position because of sliding on the shale.

The porphyry has a strongly developed platy struc 
ture but no orderly pattern was found in the orientation 
of the plates.

The rock is noselite or sodalite syenite porphyry 
containing about 35 percent large phenocrysts of perth- 
ite surrounded by a strongly lineated felt of orthoclase 
(about 50 percent), noselite (or sodalite?) (about 12 
percent), and aegirine-augite (about 3 percent). In 
addition there is a trace of magnetite, apatite, and 
sphene. The phenocrysts of perthite are as large as 25 
millimeters in diameter and are well rounded. The 
smaller ones average about 5 millimeters in diameter; 
these have sharp crystal edges but their corners are 
rounded.

MIDDLE MOUNTAIN STOCK

The laccoliths in Middle Mountain and the structures 
associated with them radiate from Gold Basin (pi. 44). 
The center of the igneous activity, and structural 
doming on Middle Mountain are in the east half of 
sec. 15 and west part of sec. 14, T. 27 S., R. 24 E. This 
area probably marks the surface of a stock that provided 
the source for the cubic mile or so of diorite porphyry 
contained in the dozen laccoliths clustered around 
this center. The central intrusion, however, is very 
poorly exposed and provides no direct evidence that 
it is a stock. The chief reason for the paucity of ex 
posures is the glacial fill in Gold Basin.

All the igneous rocks exposed in Gold Basin are 
diorite porphyry, and only diorite porphyry was ob 
served in the float downstream. Unaltered diorite 
porphyry is exposed at several places along the channel 
of Gold Creek and on the hillside north of the creek at 
the center of the east side of sec. 15. Other exposures 
of unaltered diorite porphyry are located at the edges 
of the cirque in the SW% sec. 14. In other parts of the 
basin the porphyry has been hydro thermally altered;
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the hornblende has been removed and pyrite or iron 
oxide deposited.

On the north wall of Gold Basin are masses of brec 
cia composed of mixed fragments of sedimentary rock 
and diorite porphyry ranging from less than an inch to 
several feet in diameter. Exposures of the breccia are 
few but its float is abundant locally. Probably it repre 
sents a zone of shattering at the north wall of the stock, 
like the shatter zones that surround the stocks in the 
Henry Mountains.

One very curious mass of breccia, located in the 
SE%NW% sec. 14, is composed entirely of sedimentary 
rock in the form of a dike. It extends into the south 
side of the head of Horse Canyon and cuts through 
strata in the uppermost part of the Morrispn forma 
tion, Dakota sandstone, and lowermost Mancos shale. 
The dikelike mass is 20 feet wide at the canyon rim 
but narrows down the slope. It is composed of angular 
and rounded pebbles and cobbles of carbonaceous 
shale and carbonaceous sandstone evidently derived 
from the Dakota and of purple shale evidently from 
the Morrison.

Other small masses of breccia composed of mixed 
sedimentary and igneous rocks are exposed near the 
southeast corner of sec. 15 and probably mark the 
south side of the stock.

The east wall of the stock is fairly well defined where 
it crosses the hillside in the NW%SWM sec. 14. Here, 
breccia and hydrothermally altered porphyry cut 
discordantly upward from the middle of the lower 
sandstone unit to the top of the middle shale unit of 
the Morrison formation. Shale adjoining this wall of 
the stock is baked to hornfels for a few hundred feet 
east of the contact. Breccia, hydrothermally altered 
porphyry, and some sulfide mineralization occur in 
the stock along this wall. Except for this exposure, 
the limits of the stock in Gold Basin as shown on the 
map are arbitrary. The areal extent as shown on plate 39 
is about 0.4 square mile; its volume to a depth equal 
to the height of the Middle Mountain dome (3,500 
feet) is about 0.3 cubic mile.

Many prospect pits in Gold Basin expose porphyry 
that has been hydrothermally altered. The alteration 
has largely removed the ferromagnesian minerals and 
partly argillized the feldspar. Pyrite is common and 
there is some chalcopyrite. Specular hematite and 
epidote occur in the rocks surrounding Gold Basin. 
The hydrothermal alteration is neither intensive nor 
extensive, but it is much more so than in any of the 
laccoliths. Pyritic alteration is restricted to Gold Basin.

SOUTH MOUNTAIN

South Mountain, topographically the smallest of 
the La Sal Mountains, covers about 15 square miles, 
mostly in the north part of T. 28 S., R. 24 E. Both 
topographically and structurally the mountain is 
elongated to the northwest and southeast.

The oldest sedimentary rocks on the mountain are 
Triassic or older and are exposed along the southwest 
flank of the mountain. Mancos shale of Late Cretaceous 
age is the youngest preserved formation involved in 
the doming. The intrusions are mostly diorite porphyry 
but include some small masses of monzonite porphyry.

At the center of the mountain is a stock, about 1 mile 
in diameter, that discordantly cuts across Triassic, 
Jurassic, and Cretaceous formations. This cross- 
cutting amounts to about 2,500 feet of beds in a mile. 
Surrounding the stock is a series of irregular intrusions, 
presumably laccolithic and injected outward from the 
stock. These satellitic intrusions extend 2K miles 
southeast from the stock and more than 1 mile north 
west from it, but to the southwest and northeast they 
are short.

The intrusive rocks in South Mountain aggregate 
about 3.3 cubic miles. Of this amount l.'SO cubic 
miles are contained in the stock down to a depth equal 
to the height of the South Mountain dome. About 
1.8 cubic miles are contained in the satellitic intrusions 
that were pushed out laterally from the stock. Prac 
tically all this rock is diorite prophyry, like that on 
North Mountain (p. 319), but there are some small 
younger intrusions of monzonite porphyry, probably 
more than shown on plate 39.

PACK CREEK LACCOLITH:

The Pack Creek laccolith is on the south side of Pack 
Creek mostly in sees. 32 and 33. Only the upper part 
of the intrusion, covering about one-fourth of a square 
mile, is exposed. It forms a ridge between Pack Creek 
and a small tributary from the south. The laccolith 
is intruded into beds of Triassic age near the base of the 
Glen Canyon group, which is folded anticlinally across 
the laccolith.

The anticline produced by the laccolith is about 2 
miles long, 1 mile wide, and has a structural relief of 
perhaps 1,000 feet. It trends and plunges northwest 
ward from the stock. The volume of the intrusion is 
0.25 cubic mile.

LACCOLITH SOUTHEAST OF THE STOCK

A laccolith southeast of the stock and located between 
Deer Creek and East Pole Canyon, is roofed by sand-
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stone belonging to the Glen Canyon group. At the 
mouth of East Pole Canyon the intrusion appears to 
cut discordantly across Triassic and possibly older 
rocks.

The distal end of this laccolith is lobate in plan. The 
intrusion, which probably extends northward under 
the sandstone capped ridge between Deer and La Sal 
Creeks, is about 1 mile wide, almost 3 miles long, and 
probably averages nearly 1,000 feet thick. Its volume 
is 0.5 cubic mile.

This laccolith abuts against the intrusion west of 
East Pole Canyon and may be simply a bulging part 
of it.

INTRUSIONS SOUTH AND WEST OP THE STOCK

South and west of the stock and extending from East 
Pole Canyon to West Pole Canyon is a large intrusion 
or series of intrusions. The southwest side of the in 
trusive mass is concordant with the steep southwest 
flank of the South Mountain dome and dips about 65° 
away from the stock. It is roofed by Triassic or older 
rocks.

The volume of these intrusive masses must be at 
least 1 cubic mile.

INTRUSIONS NORTHEAST OP THE STOCK

Extending northeastward from the stock is a cross- 
cutting porphyry mass that feeds at least 3 sill-like 
intrusions in the uppermost Morrison and Upper 
Cretaceous strata. One of the sills extends more than 
\% miles eastward. It starts in the Dakota sandstone 
but cuts upward into the Mancos.

Two other sills are in the steeply dipping beds at the 
head of Pack Creek.

SOUTH MOUNTAIN STOCK

The South Mountain stock, at the center of the South 
Mountain cluster of intrusions, centers around the head 
of Lackey Basin. The peak of South Mountain, at an

altitude of almost 11,800 feet, is in the stock. Lackey 
Basin is eroded more than 1,500 feet into the south part 
of the stock and a cirque has been eroded a thousand 
feet or more into the northeast part of the stock. A 
smaller cirque is located on the northwest side of the 
stock. Around the sides of these basins, exposures are 
excellent.

The stock is roughly circular in plan. Its side walls 
are reasonably well defined on the northwest side where 
the stock discordantly cuts across 2,500 feet of Triassic, 
Jurassic, and Cretaceous strata. The contact was 
found exposed only in the SW#SE# sec. 33, T. 27 S., 
R. 24 E., where it dips 65° towards the intrusion. The 
wall here is shattered sandstone belonging to the Glen 
Canyon group or En trad a sandstone.

On the south side of the stock, in Lackey Basin, and 
on the ridge to the west are small masses of brecciated 
sedimentary rocks and porphyry probably marking 
the south wall of the stock. Between these brecciated 
masses the porphyry of the stock appears to be con 
tinuous with that of the intrusions to the south and 
west.

Several textural varieties of porphyry were found in 
the stock but the boundaries between them were not 
mapped. A small mass of monzonite porphyry, 
elongated to the northeast and apparently dipping 
steeply southeast, was found in the upper part of 
Lackey Basin.

Near the northeast and north walls the stock is 
sheeted by vertical or nearly vertical joints through a 
zone about 500 feet wide parallel to the walls. Some 
narrow fissures within the stock contain pyrite, hema 
tite, and copper carbonate.

SUMMARY COMPARISON OP THE VOLUMES AND 
POSITIONS OF THE INTRUSIONS

The following table presents in summary form the 
dimensions, volumes, and stratigraphic positions of the 
intrusions in the La Sal Mountains.
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TABLE 3.—Dimensions, volume, and stratigraphic positions of intrusions in the La Sal Mountains

Intrusion

North Mountain: 
Laccoliths southeast of the stock _ ______ __ _
Laccoliths southwest of the stock. ___ _ _ _ _
Haystack Mountain laccolith
Mill Creek silL _ _______________________________
Laccoliths northwest of the stock.
Laccoliths northeast of the stock
Beaver Creek laccolith
Round Mountain bysmalith __ _

Total diorite porphyry laccoliths

Monzonite porphyry dikes and sills _

North La Sal stock: 
Diorite porphyry _
Dike-swarm complex-
Feldspathoidal dikes
Soda syenite porphyry. _
Aegirine granite porphyry _____
Soda rhyolite porphyry dikes. _ _

Total North La Sal stock _ _ __________ __ _

Middle Mountain: 
Brumley Creek laccolith.
Dorry Canyon laccolith ___
Mount Tukuhnikivatz laccolith
Intrusions at head of La Sal Creek _
Mount Peale laccolith
Mount Mellenthin, Horse Canyon, and Blue Lake 

laccoliths. 
Middle Mountain stock _ _ _

Total Middle Mountain

South Mountain: 
Pack Creek laccolith
Laccolith southeast of the stock.
Intrusions south and west of stock
Intrusions northeast of stock _ _
South Mountain stock ____ _______

Total La Sal Mountains. _ ___ _ ____ ____

Dimensions, in miles

Length

3. 0 
2.0 
1.0 
3. 5 
3. 5 
2. 0 
3.0

1.5 
1. 5 
1. 5

2.0 
1.0

2.0 
3.0 
1.0 
2.0 
1. 25

Width

1. 5 
2. 75 
1. 0 

. 2 
1. 5 
3. 5 

. 5

. 5 
1.0 
1. 0

1. 25 
1. 0

.5 
1.0 
3.0 
.5

1.25

Maximum 
thickness

0. 5 
.5 
. 25 
. 02
. 6 
. 4 
. 1

. 1 

. 1

. 4

. 4 

. 2

.2 

. 2 

.5 

. 1

Estimated 
volume 

(cubic miles)

1. 25 
1. 25 

. 10 

.02 
1.50 
.80 
. 15 

<. 02

5.00+

. 5

. 5 

.7 

.02 

. 15 

. 10 

.02

1.50

7.00

.03 

.05 

. 60 

.01 

.50 

.20

.30

1.70

.25 

.50 
1.0 
.05 

1.50

3. 30

12.00

Youngest rocks cut by intrusion

Pennsylvanian. 
Do. 

Upper Cretaceous. 
Do. 

Pennsylvanian. 
Triassic or older. 
Upper Cretaceous. 
Pennsylvanian.

Diorite porphyry.

Monzonite porphyry. 
Dike-swarm complex. 

Do. 
Feldspathoidal dikes. 
Aegirine granite porphyry.

Upper Jurassic. 
Do. 
Do. 
Do. 
Do. 

Upper Cretaceous.

Discordant.

Pennsylvanian. 
Do. 
Do. 

Upper Cretaceous. 
Discordant.
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For further comparisons that may be made, the esti 
mated volumes of intrusive rock in the five Henry 
Mountains are given in the following table:

TABLE 4.—Estimated volumes of intrusive rock in the Henry 
Mountains

Mountain

Mount Holmes. _
Mount Ellsworth

Mount Ellen__ ______

Volume, in cubic miles

Laccoliths

0. 20 
. 35 

1. 18 
1. 82 
6.89

Stock

0.06 
. 26 

2. 25 
2. 44 
1. 00

Total

0. 26 
. 61 

3.43 
4.26 
7.89

ORIGIN AND EVOLUTION OF THE MAGMAS

By AARON C. WATERS and CHARLES B. HUNT

The ultimate source of the parent magma that gave 
rise to the La Sal laccolithic complex can only be sur 
mised, for the site of magma generation was far below 
the levels now exposed by erosion. From indirect evi 
dence, however, a few tentative suggestions can be 
offered.

INADEQUACY OP CRYSTALLIZATION DIFFERENTIA 
TION OF BASALT

Basaltic magma has clearly had a part in the develop 
ment of many igneous centers containing a diversity of 
rock varieties. The theory that basalt is the primary 
magma from which other rock varieties were formed by 
differentiation is strongly substantiated not only by 
field evidence but by laboratory studies and theoretical

deductions as well (Bowen, 1928). Was basalt the 
primary parent from which the varied igneous suite of 
the La Sal Mountains evolved by crystallization dif 
ferentiation or other igneous processes?

The field evidence on this point is entirely negative. 
Basalt (and its plutonic equivalents gabbro and dolerite) 
are entirely absent from the La Sal suite of igneous 
rocks. Nor have they been found as components of the 
igneous sequence at the other laccolithic centers of the 
Colorado Plateau except possibly in the Henry Moun 
tains, where fragments of a sill of greatly altered basalt 
occur at one place in the shatter zone around the 
Mount Ellen stock (Hunt, C. B., 1953), and in the La 
Plata Mountains where there are some curious mafic- 
rich dike rocks (Eckel, 1949). Several of the laccolithic 
complexes now have been mapped, but no field 
evidence has been found to indicate that basalt 
magma was ever present within any of the stocks or lac 
colithic chambers. Furthermore, although the stocks 
and laccoliths contain abundant inclusions, none have 
been found that could be interpreted as autoliths of 
gabbroic type.

The change in composition of the La Sal magma with 
time is also not that which might be expected if these 
rocks had been formed by the crystallization differentia 
tion of basalt magma. Here, however, we are on less 
firm ground, as it is well known that differentiation proc 
esses operating on primary basalt magma have given 
rise to quite different suites of rocks at different locali 
ties. The sequence of intrusions at the La Sal Moun 
tains can be diagrammatically pictured as follows (see 
also fig. 120):

Diorite—»monzonite—^syenite—»feldspathoidal syenite—»carbonatite (calcite veins)
\ 

Quartz syenite—>aegerine granite and soda rhyolite—»quartz veins and miarolitic cavity fillings

This sequence contrasts strikingly with well-estab 
lished igneous sequences in which primary basaltic 
magma seems to have had an important part. For 
example, a typical sequence well shown by many 
circum-Pacific volcanoes is:
Olivine basalt 

\
hypersthene basaltic andesite 

\
andesite 

\ 
dacite

In Hawaii (Macdonald, 1949) 
islands a common sequence is:
Olivine tholeiite 

\
tholeiitic basalt 

\
trachyandesite 

\ 
trachyte

and other oceanic

Locally, in the Pacific a subordinate stem gives rise to 
mellitite and nepheline basalt or, rarely, to phonolite.

Another sequence—dolerite or gabbo (and norite)—> 
granophyre—with no intermediate rocks of dioritic 
or monzonitic composition, is well known from basic 
sills the world over, and is also common in volcanic 
rocks as, for example, in the sequence tholeiitic ba 
salt —>rhyolite in Iceland.

The larger lopoliths and "stratiform complexes" are 
generally more thoroughly differentiated:

Liquid line of descent:
Gabbro (or norite)—>diorite—^syenite (and quartz syenite) 

Crystal accumulates:
Dunite
Peridotite
Pyroxenite
Anorthosite
Magnetite and chrome ores

The Skaergaard intrusion differentiated from gabbro
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FIGUKE 120.—Graphs showing variations in alkali and silica content of the differentia 
tion sequence in North Mountain.

to ferrogabbro with gradual increase of soda and iron 
in the late differentiates (Wager and Deer, 1939).

These typical sequences resulting from the crystalli 
zation differentiation (plus local hybridization?) of 
basaltic magma differ from the sequence in the La Sal 
Mountains not only in the kind of rocks produced but 
also in the order of formation of individual minerals. 
The sequence of crystallization from a differentiating 
basalt magma in its course down the "liquid line of 
descent" is, with minor variations, the well-known 
Bowen reaction series (Bowen, 1928, p. 60). The 
order of the ferromagnesian minerals is from olivine to 
pyroxene to hornblende to biotite; that of the feldspars 
is from calcic plagioclase to sodic plagioclase, with 
potash feldspars also appearing near the end of crystal 
lization. In the La Sal rocks, on the other hand, this 
mineral sequence for the ferromagnesians is reversed. 
It progresses from hornblende (in diorite porphyry) 
to augite and aegirine-augite (in monzonite and soda 
syenite porphyry) to aegirine-augite and aegirine (in 
soda syenite, feldspathoidal syenites, aegirene granite, 
and soda rhyolite porphyries). Also the plagioclase 
shows no marked fractionation from calcic to sodic 
types—oligoclase is the chief feldspar and is present 
in all rocks. The chief change in the feldspar content 
is in the ratio of oligoclase to potash feldspar, the 
sequence in time being oligoclase to anorthoclase and 
sanidine (or perthite). This change in the feldspar is

in approximate conformity with the late stages of 
Bowen's sequence.

Irregular replacement or jacketing of hornblende by 
augite or by aegirine-augite is common in the La Sal 
rocks; this is a phenomenon that would indicate a rise 
of temperature instead of continued crystallization 
differentiation. A rise in temperature also is indicated 
by the evidence (Hunt, C. B., 1953) that the tempera 
ture of the diorite porphyry melt apparently was near 
the theoretical lower limit for such magma, perhaps 
little, if any, above 500°C, whereas the soda rhyolite 
and aegirine granite porphyries contain high-temper 
ature quartz.

Furthermore, in normal differentiation sequences of 
basalt there is a progressive increase in the silica con 
tent. The rocks of the La Sal and Henry Mountains, 
on the contrary, show a gradual decrease in silica from 
diorite to monzonite to feldspathoidal syenite (fig. 120). 
In the La Sal Mountain rocks, however, there is a 
marked increase in silica in the last formed soda 
rhyolite and aegirine granite porphyries.

Thus on both field and physical-chemical grounds the 
evidence suggests that the La Sal magmas did not 
evolve from a primary basaltic magma by crystalliza 
tion differentiation.

EVIDENCE FROM INCLUSIONS

A hint as to a possible alternative explanation can be 
gained from the study of inclusions within the igneous 
rocks. In the Henry Mountains, Hunt (1953) studied 
the kinds and quantities of the inclusions. There, and 
also in the La Sal Mountains about 5 percent are 
obvious xenoliths derived almost entirely from the 
enclosing sedimentary rocks but containing a few 
unmodified granites and schists from the crystalline 
basement. These xenoliths show no contact-meta- 
morphic effects except for a mild induration. They are 
free of reaction effects, and the hornblende and plagi 
oclase with which the surrounding magma was saturated 
is not in equilibrium with them, nor has it precipitated 
upon them as "seed" centers. In short, the evidence 
indicates that these inclusions were merely mechanically 
incorporated into a crystallizing magma that was too 
cold to metamorphose them effectively or change their 
composition.

On the other hand the great bulk (95 percent) of the 
inclusions contrast strikingly with these little-altered 
sedimentary xenoliths. The most abundant are am- 
phibolite inclusions which comprise perhaps 1 percent of 
the total volume of the diorite porphyry intrusions. 
The amphibolite inclusions show evidence of having 
attained almost complete equilibrium with the sur 
rounding magma. The hornblende content ranges 
from 20 to 100 percent and averages about 75 percent.
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The other main mineral is plagioclase which almost 
invariably has the same composition as the plagioclase 
in the surrounding intrusive; this is particularly striking 
because the composition of the plagioclase varies some 
what from one intrusion to another. Other minerals 
present in many inclusions, but not common to all, are 
garnet and biotite. If the surrounding igneous rock 
contains aegirine-augite, this mineral is also likely to be 
found in some of the hornblendic inclusions. Here, as 
in the surrounding igneous rock, the aegirine-augite is 
clearly later than hornblende, which it replaces in 
intricate interfingering patterns governed in part by 
cleavage planes and grain boundaries.

Some of these mineralogic relations are consistent 
with the idea that the amphibolite inclusions might be 
autoliths formed by the segregation of early crystal 
lizing constituents of the magma into glomeropor- 
phyritic clots. There is, however, convincing evidence 
against this mode of origin. A great many of the in 
clusions show relic metamorphic textures and struc 
tures, especially gneissic banding and schistosity. Such

relic structures are more common and more distinct in 
inclusions that contain less than 75 percent hornblende ; 
in the more hornblendic types original structures appear 
to have been largely obliterated by continued grain 
growth of the hornblende. Most inclusions are angular, 
though some of the richly hornblendic kinds appear to 
have been softened and strung out or disintegrated into 
smaller pieces. Where relic bands are preserved, the 
banding in different inclusions is not parallel but stands 
at all angles. Many inclusions are cut by veins that 
are in turn truncated by the enclosing porphyry. The 
occurrence of large blocks of partly replaced and partly 
assimilated Precambrian rocks in the soda syenite of the 
North La Sal stock provides important additional evi 
dence that the hornblendic xenoliths were derived from 
preexisting amphibolites and similar ferromagnesian- 
rich rocks and are not cognate segregations from the 
magma.

Table 5 presents a summary description of variations 
in the mineral composition, size, shape, grain size, and 
texture of the inclusions.

TABLE 5.—Statistical study of 85 inclusions in diorite porphyry float in the La Sal Mountains
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PALINGENESIS OF AMPHIBOLITE

These physical relations suggest an alternative 
explanation: Perhaps the original diorite magma was 
formed by the selective fusion (palingenesis) of a 
metamorphic sequence of which the hornblendic 
inclusions represent refractory remnants that were not 
actually incorporated into the liquid magma but were, 
in large part, "made over" into minerals with which 
the surrounding magma was in equilibrium (Bowen, 
1922). The visible fragments have been rafted upward 
from the site of magma generation and are now frozen 
into their present position within the stocks and 
laccoliths.

It is very difficult to determine whether these 
secondary changes and mineral transformations oc 
curred at depth, and hence might be connected with 
the development of the diorite porphyry magma by 
palingenesis, or whether they are the result of long- 
continued reactions in a magma of different origin 
which plucked amphibolites from its wall and then altered 
them during its long ascent toward the surface. In 
favor of the palingenetic theory is the fact that in the 
La Sal Mountains, just as in the Henry Mountains, 
there is no transition between the highly altered 
hornblendic inclusions and the somewhat indurated but 
otherwise almost totally unaltered xenoliths of sedi 
mentary rocks. The lack of any transition in alteration 
between the obvious xenoliths and the hornblendic 
inclusions strongly suggests that the latter came from 
great depths and have had an entirely different history 
from that of xenoliths incorporated at higher levels. 
Either they are fragments of diverse wall rocks brought 
to equilibrium with a magma at great depths, or else 
they are the leftover unfused fragments of the sub 
stratum from which the magma itself was derived—or 
perhaps both.

SOME PHYSICAL-CHEMICAL DEDUCTIONS

Assuming that the diorite porphyry magma was 
formed by selective fusion of amphibolite and associated 
metamorphic rocks, certain consequences can be 
deduced that may serve as a partial check on the 
hypothesis. If a metamorphic series of basic rocks 
approximating the composition of basalt underwent 
slow palingenesis until an interstitial dioritic liquid was 
formed, the remaining unfused constituents of the 
amphibolite would consist largely of undissolved 
hornblende—in fact the remaining unfused part of a 
typical amphibolite should have approximately the 
composition of the smaller hornblende-rich inclusions 
found in abundance within the Henry and La Sal 
intrusions. What would then be the result of a rise in 
temperature and additional solution of a part of the 
remaining hornblende?

Bowen (1928) considered the effects of fractional 
dissolving of hornblende and biotite crystals settling 
by gravity to a hotter and deeper zone within a mag- 
matic mass, and he discusses the consequences of partial 
resolution of this igneous hornblende into the magma 
of the deeper zone. The principle involved can be 
applied as well to the problem of solution of hornblendic 
fragments in a partial magma formed by the selective 
fusion of amphibolite.

Whereas a magma like diorite will "make over" 
minerals such as olivine and pyroxene that are higher in 
the reaction series than the ones with which the magma 
is saturated, its effects on hornblende and biotite 
present a more complex problem (Bowen, 1928, p. 269— 
273). Bowen calls attention to the fact that hornblende 
is a very basic mineral and also a highly complex one. 
He states:

We should expect hornblende, sinking into a region of somewhat 
hotter liquid, not to be redissolved as such, except in quite 
small amount, but rather to enter into reactions which pre 
cipitate, as crystals, earlier minerals in the reaction series * * *. 
If a large amount of hornblende suffers such action there should 
result an enrichment of the liquid in all the constituents of 
hornblende other than those precipitated during the reaction.

The norms of 10 hornblendites selected from Wash 
ington's tables (Bowen, 1928, p. 271) show considerable 
amounts of nepheline and albite as well as large 
amounts of diopside, anorthite, and olivine. All con 
tain small amounts of normative orthoclase or leucite 
(or both). Bowen concluded:

Of the normative minerals listed, albite and orthoclase are late 
members of the ordinary reaction series and their tendency 
would be to become part of the "hot" liquid * * * nephelite is, 
a rather important constituent of nearly all the norms * * * 
nephelite is capable of forming with diopside a liquid of quite 
low melting temperature, so it is to be expected that nephelite 
together with a nearly equivalent weight of diopside could enter- 
the liquid. Probably the small amounts of leucite shown in 
some of the norms * * * would tend to pass into the liquid also. 
On the other hand, olivine, excess of pyroxene and perhaps basic 
plagioclase would tend to be precipitated by the "hot" liquid.

In short, the effect is to fractionate hornblende into- 
two parts: A strongly alkalic portion (approximately 
the normative albite, orthoclase, leucite, nepheline, 
and a part of the diopside) which dissolves in the 
liquid; and a residual solid precipitate (consisting of 
the normative olivine, hypersthene, and a part of the 
anorthite and diopside). In our assumed case of the 
partial fusion of amphibolite beneath the La Sal Moun 
tains, the tendency would be to produce first a liquid 
of dioritic composition and then as more hornblende 
partially dissolved to make this liquid more definitely 
alkalic. The remaining unfused amphibolite would 
simultaneously be transformed to a more basic com 
position.
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Regarding the solution of biotite Bowen writes (1928, 
p. 271):

The sinking of biotite, either alone or with hornblende, and 
its reactive solution in "hot" liquid should be regarded in the 
same general way. Biotite may be regarded as made up of 
highly femic molecules, mainly olivine, that would be precipi 
tated and alkalic molecules that would in large part enter the 
liquid.

FIELD EVIDENCE

These physical-chemical deductions can now be com 
pared with the field relations in the La Sal and Henry 
Mountains. In good accord is the clear-cut field and 
petrographic record of replacement of hornblende by 
augite (or aegirine-augite) in both the magma and the 
solid hornblendic inclusions. Also in good accord is 
the transition of the magma from diorite to monzonite 
to syenite to feldspathoidal syenite; it clearly exhibits 
the tendency to become more alkalic—predicted as a 
result of continued partial solution of hornblende.

Bowen, however, suggests that the partial solution of 
large quantities of hornblende should result in a 
thoroughly basic alkalic magma, such as the nephe- 
linites, alnoites, or olivine-rich lamprophyres. The 
silica content of the La Sal rocks (unlike the typical 
suites thought to have been formed by crystallization 
differentiation of basaltic magma) changes only slightly 
during the transition (fig. 120). All these rocks are of 
mesosilicic type, and nowhere in the La Sal Mountains 
are strongly mafic alkalic rocks developed. Precisely 
the kind of strongly mafic alkalic rocks that Bowen 
suggests, however, are widespread in the Navajo and 
Hopi volcanic fields in the southern part of the Colo 
rado Plateau (Williams, 1936). These relations are 
treated more fully in a report by Hunt (1956) on the 
Cenozoic geology of the plateau.

Perhaps an answer to the absence of strongly mafic 
alkalic rocks in the laccolithic complexes is to be found 
in the effects of filtration differentiation during rise 
and emplacement of the magmas at their present high 
levels in the crust. Chilled contacts show that even 
the earliest rocks of the La Sal Mountains are strongly 
porphyritic, indicating that partial crystallization had 
occurred before the magma entered the visible 
chambers. During rise and intrusion the liquid portions 
would be expected to advance more rapidly and 
to higher levels than the solid constituents. Thus 
the early formed phenocrysts and the included 
fragments of unfused basement would tend to lag 
behind. Furthermore, with the onset of crystallization 
the magma would probably precipitate hornblende and 
other early crystallizing minerals upon the hornblende 
inclusions, thus decreasing the amount of femic material 
in the rest magma and causing the hornblendic inclu 
sions to grow and clot together. By a combination

of these processes the magma may have freed itself 
of large quantities of early crystallizing femic and 
anorthitic constituents.

That such filtration effects actually did occur is 
strikingly displayed by the field and petrographic 
relations of some of the strongly porphyritic igneous 
masses in the North La Sal stock. The intrusion of 
the syenitic dike swarm occurred during the later stages 
of the magmatic history as the top of the stock slowly 
congealed and then was repeatedly cracked. It is 
noteworthy that the last dikes of this swarm are 
highly alkalic feldspathoidal varieties which probably 
represent the segregation of alkalic residues in late 
filtrates. The highly porphyritic soda syenite of 
Mineral Mountain shows obvious filtration effects 
(fig. 111).

ORIGIN OF THE QUARTZ-RICH DIFFERENTIATE

The idea of magma generation by selective melting 
of amphibolite followed by continued partial solution 
of hornblende and of the fractionation of the alkalic 
magmas thus formed by filtration differentiation during 
rise to present crustal levels seems to accord with the 
field relations. But the hypothesis of palingenetic 
derivation and evolution seems to hold only for the 
sequence from diorite porphyry to feldspathoidal 
syenite; it would not account for the late quartz-rich 
aegirine granite and soda rhyolite porphyries.

It is noteworthy, however, that the quartz-rich 
rocks are confined almost entirely to the final volcanic 
phase in the development of the North La Sal stock. 
They occur as fillings of the volcanic diatremes, as a 
brecciated rubble within the diatremes, and as dikes 
that cut, or are closely related to, individual diatremes. 
Quartz-filled cavities are abundant in the aegirine 
granite porphyry associated with the diatremes; quartz 
also fills the angular spaces between the breccia frag 
ments within the diatremes. It seems that the initia 
tion of a volcanic cycle during the closing phases of 
consolidation of the stock brought about a change in 
the evolution of the magma that led to the development 
of quartz-rich types.

If the stock and substratum were almost crystallized 
at the onset of the volcanic cycle the gas pressure 
in the remaining rest magma would be very high, and 
relief of pressure by bursting of the roof to form a 
volcano would be likely to start violent evolution of gas 
(retrograde boiling) in the still liquid residues of the 
stock. If the palingenetic melts in the substratum 
were also nearing final solidification at about this time, 
they, too, might send vast amounts of tenuous fluids 
streaming upward through the stock.

Field evidence of the passage of such exhalations 
upward toward the surface is widespread. As previ-
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ously noted, the older diorite porphyry of the North 
La Sal stock is drastically altered to metadiorite. 
Feldspars and hornblende are thoroughly decomposed, 
and joints in the rock are commonly coated with 
mixtures of hedenbergite, actinolite, and epidote. At 
the very top of the stock the joints are filled with an 
intricate network of quartz veinlets. Similar, though 
less drastic, alteration also affects the syenite and other 
rocks of the stock. By contrast, laccoliths and other 
radial injections some distance beyond the periphery 
of the stock are perfectly fresh.

The quartz-rich granitic and rhyolitic rocks, and 
even the quartz-poor soda syenite of Mineral Mountain, 
contain abundant miarolitic cavities and quartz-filled 
channelways testifying to the fact that fluids were 
escaping upward through these bodies while they were 
still at least partially molten.

During the volcanic phase, then, the North La Sal 
stock can be pictured as a partly congealed, and hence 
porous gaseous diffusion column, reaching perhaps 
from the surface to the site of magma generation in the 
substratum. On their way upward the streaming gases 
would have attacked and altered already crystallized 
but perhaps still hot minerals. Free silica released by 
the alteration processes would be carried upward in the 
fluids and some of it would enter the small amount of 
syenitic rest magma in the upper part of the stock 
transforming it to quartz-rich granitic or rhyolitic 
rocks. With continued congealing the traveling fluids 
precipitated bull quartz and comb quartz in open 
channelways and in breccia zones within the solidifying 
aegerine granite porphyry and in the brecciated rock 
of the diatremes. Ore-bearing sulfides, fluorite, and 
other hydrothermal products form a part of these 
fillings. This, together with the widespread sericitiza- 
tion, chloritization, and other hydrothermal effects in 
the rocks within and adjacent to the stocks, brings the 
igneous cycle to an end.

SUMMARY

To recapitulate, there is no direct evidence as to the 
origin and exact mechanics of evolution of the magmas, 
but a tentative working hypothesis may be inferred 
from the field relations and from physical-chemical 
considerations. The steps suggested are as follows:

1. Rise of temperature in the substratum leads to 
partial fusion of amphibolite, or related hetero- 
morphous metamorphic rocks, producing a melt 
of dioritic composition intimately mingled with 
unfused hornblende-rich remnants of the original 
metamorphic series. Selective fusion probably 
occurred at or near the base of the crust.

2. Hydrostatic or erogenic pressures cause a mechan

ical break up of the partly fused layer, with 
coalescence and rise of the more fluid parts.

3. The palingenetic melt, carrying suspended unfused 
fragments, is physically injected toward the 
surface. Eventually diorite porphyry stocks 
penetrate to high levels in the crust with attend 
ant doming of the surface and radial intrusion of 
a satellitic retinue of diorite porphyry laccoliths. 
Some filtration differentiation occurs during 
upward intrusion.

4. Continued rise of temperature in the substratum 
causes partial solution of considerable hornblende 
and biotite into the new palingenetic magma, 
thus changing its composition to a more alkalic 
and more femic liquid.

5. The new alkalic liquid rises into the stock with 
attendant filtration differentiation, changing the 
composition of the rest magma in the upper part 
of the stock to monzonite and then to syenite. 
These magmas form new composite intrusions 
within the stock and also a few satellitic intrusions 
outward from it.

6. Loss of heat in the substratum causes a cessation 
of palingenetic melting and the onset of crystal 
lization.

7. Stiffening of the upper part of the stock by cooling 
and congealing, but continued rise of magma 
into the lower part of the stock, causes repeated 
fracturing of the roof leading to the formation of 
the syenitic dike-swarm complex. Strong fil 
tration effects occur as the now nearly solid 
magma is forced into the fracturing roof. The 
final alkalic residues of crystallization are 
squeezed out as late feldspathoidal dikes. Lo 
cally a few veins of calcite end the cycle.

8. Continued loss of heat occurs with concomitant 
crystallization in the substratum and in the 
deeper parts of the conduits leading upward to 
the laccolithic complex until finally only a small 
fraction (perhaps 5 percent) of the magma 
remains fluid.

9. The rise of gas pressure due to crystallization 
within the magma, perhaps assisted by erosion 
of the domed roof, eventually blasts a series of 
diatremes through the top of the North La Sal 
stock, initiating a volcanic phase.

10. Release of pressure caused by opening of the 
volcanic orifices starts violent retrograde boiling 
in the still liquid residues within the stock. 
Greatly increased gas pressure due to crystal 
lization of the palingenetic melts at depth may 
also send vast amounts of gases streaming upward 
through the stock toward the surface.
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