Salt Anticlines of the Paradox Basin,
Balorado and Iltah

ABSTRACT

Five elongate novthwest-trending sall sivuclures ocour within a deep lrough in the
northeastern purt of a depositional basin of evaporvites of Middle Permsyluanian age known as
the Paradox basin. In Penmnsylvanian time the deep trough part of this basin was hordered on the
northeast by the ancestval Uncompahgre uplift, and on the southwes! by a broad depositional shelf.
The individual salf structures ave from 30 to 70 miles long, and they have coves of evaporites that
range from about 4, 100 to more than 14,000 feet in thickness. Struciwral velief at the lop of selt
ranges from about 1,000 to about 9,000 feet, At .the end of time of salt deposition in the Middle
Pennsylvanion, an ergular blanket of salt-beaving strata, vanging from about 3, 600 feef or less
. lo about 5, 000 or possibly 7,000 feet in thickness, covered an irregular pre-salt surface in the
" lasin. On the novtheast, the sqit-bearing beds puss abruptly into avkosic sandstone and shale
 sontaining material devived from cyystalline rocks exposed on the ancestral Uncompahgre uplift,
About 2,500 to move than §, 000 feet of abrupt stvuctural velief is present under the salt beneath
the southwest flanks of seveval of the salt structures. The salt section is thin or absent at places
above structurally kigh pre-salt vocks. formation from deep dvill holes suggests that some of
the strvucturally igh pre-salt rocks were upliffed and subjected to evosion pricy to deposilion of
the salf, ond also, that stvuctural displocement of the p?'e ~salf rocks probably also cccurved
during deposilion of the sall. ;

Deformaiion of the pre-sail vocks in the basm premam-bly occurred in conjunciion with
Middle Pennsylvanian uplift of the ancestral Uncompahgve. These slructural adjustments are
believed lo have initialed folding and vise of the sali sivuctures al siles adjacent fo the buried pre-
salt highs. Euvidence exposed al the suvface indicates thai the salf structures then evolved lavgely
by means of gradual growth as post-salt beds werve deposiled around them vather thar by diapivie
piercement of the overlying deposits.

Salt deposition may have been levminated by regional tilting accompanying uplift of the
Uncompahgre, Fresh avkosic debris devived from the ancestral Uncompahgrve was transporied
into the mavine basin, and, by the end of Pennsylvanian time, a thickness of as much as a few
thousand feet of interbedded carbonate and clastic rocks was deposited around and befween the
growing salt structuves. Some of the salt coves were faiviy deeply buvried by Uppey Pennsylvanian
beds. Elscwheve ¢ few fens of feet of these beds at places unconformuably overvlapped the evaporile
cares.

Uplift of the ancestral Uncompahgre cubminaled in Permian time. A flood of arkosic debris
covered the site of the fovmey mavine basin, and in the trough area of the basin seveval thousand
feel of continental red beds were deposited avound the growing saif structures. Pavts of the cores

. of evaporites ave locally overlapped by only a few hundved feet of Permian beds. These beds rep-
. esent not only the lowevmost Pevmian deposils bul also probably conlain thin represenialives of
‘much of the Permian section. Growth of the sall slvuctures during most of Permian lime was
probably caused mainly by loading of sediments on the salt beds around the structures.
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In the interval from latest Pevmian through Middle {?) Triassic time, minor uplifts of the
ancestral Uncompahgre resulted in venewed transportiation of arkosic debris into the basin, and
these uplifis are corvelated with pulses of growth in the salt structures. Above and on the flanks
of some of the sall structures, beds of Early to Middle (?} Triassic age rest with marked uncon-
formity on older beds. By the end of Middle (?) Triassic time, the period of great displacement
between the Uncompahgre uplift and the basin ended. About 16, 000 feet of Pennsylvanian, Per-
mian, and Lower and Middle (7) Triassic beds filled the basin and wedge out against the uplift,
The site of the old highland was subsequently covered by a veneer of younger Mesozoic beds.

Some of the salt slruciures were covered in Late Triassic time, but seveval continued their
growth into Late Jurassic ime, when most of them finally were buried. Euven afler burial, slight
structurel adjustments in the coves continued fo occur. Such adjustments are vecorded locally by
as much as a few hundred feet of thinming of beds of Late Jurassic and Early Cretaceous age above
the salt structures, On part of one of the sall structures, the evaporite core apparently was not
completely covered until Late Cretaceous time,

I latest Cretaceous or eavly Tertiary time, broad folds weve developed in the rocks over-
lying the salt structures, probebly in response lo rvegional deformation that produced venewed
uplift of the Uncompahgre. After regiomnal uplift of the Colorado Plateau in middle Tertiary time,
the cores of the salt anticlines weve breached during entrenchment of the majoy streams.

INTRODUCTION

This paper summarizes briefly the structural history of the Paradox basin salt anticlines,
Evidence i3 presented bearing on the early history of the Paradox basin salt anticlines in Pennsyl-
vanian dme, shortly after deposition of the salt. The fieldwork leading to this report was done by
the U.8. Geologlcal Survey, and was largely supported by the Division of Research and the Divi~
sion of Raw Materials of the U.S. Atomic Energy Commission.

The salt structures of the Paradox basin (Figure 1; Baker and others, 1933) have been the
subject of continuing geologic investigations since the pioneer work of Prommel (1923) and the
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Figure i - Index map of sait anticline region
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cariv exploraton for oil in the 1920's. As early as 1927 the general nature and bread outlines of
structural mstory of the sait anticlines were correctly inferred by Prommel and Crum (1927), and
rhe mechanics and causes of sait movement had been discussed by Harrizon (1927) and by Powers
the details of the history of the region have gradually been revealed during the
course of inensive geological mapping in the Paradox basin by the U.S. Geological Survey, begin-
ning with the work of Baker (1933), Dane (1935), and McKnight (1940). Some of the more recent
work of the Geological Survey has been summarized in a series of geclogic quadrangle maps (see
for example, Carer, 1954). and in guidebooks and other publications (Stokes, 1943; Shoemaker,
1954; Carer, 1953; Shoemaker and others, 1958; Joesting and Byerly, 1938, Byerly and Joesting,
1959 fiite, 1960; Flsron and Landis, 1960; Elston and Shoemaker, 1960; and Joesting and Case,
1960), Additional data have aiso been published recently by Wengerd and Strickland (19*)4) Wenn
gerd and \1atneny (1958); Herman and bhaa:pp (1936); and Ferzner (1960).

GEN ERAL GEOLOGIC SETTING

The Paradox basin is an asymmetric depression filled chiefly Wlth late Paleozoic and early
Mesozoie rocks, abeut 70 to 100 miles across,. In the northeasterns part of the basin is a deep
trough about 23 to 30 miles wide. The principal salt structures are located in this trough. On
the northeast, the Paradox basin is bounded by the Uncompahgre fromt, which marks the edge of
the ancient Uncompahgre uplift, The Uncompahgre front coincides approximately with the south-
west margin of the present Uncompahgre Plateau, but it extends farther to the northwest and sourh-
cast.

The region containing the salt structures comprises about 7, 000 square miles of rugged
rerrain in the Canvon Lands subdividion of the Colorado Plateau province. The region is charac—
terized by broad plateaus, sheer-walled canyons, isolated mesas, and laccolithic mountains.
Long, narrow, stzepsided, flat-floored valleys, called "salt valleys,” are eroded along parts of
the crests of the salt structures (Figure 2). The salt valleys disrupt the characteristic
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canyon—iand topography. and several are transected by the principal streams of the region. Salt
does not crop out anywhere in the region, but crenulated gypsiferous caprock, a part of which
formerly contained salt, lotally crops out in the valley floors. The structure of the posi—salt
strata exposed in the valley walls is highly complex, but the exposed beds commaonly dip away
from the evaporite cores; it is this anticlinal aspect of the structures that has given rise 1o the
term "'salt anticline.”

There are five principal salt anticlipnes which lie iz 2 northwest trending belr that crosses
the Colorado-Utah state line (Figure 2}. They are, from northeast to southwest, the Salt Valley-
Fisher Valley-Sinbad Valley anticline, rhe Castle Valley-Paradox Valley antcline, the Moab Val~
iey anricline, the Gypsum Valley anticline, and the Lisbon Valley-Dolores anticline.

The individual salt structures are northwest-trending faulted folds that range from about
30 to 70 miles long, have structurally complex central parts 2 1o 6 miles broad, and have salt
cores that range from about 4, 100 10 13, 700 feer in thickness. The shape of the salt cores changes
progressively from the southwest to the northeast (Figure 3). On the southwest, the subsurface
form of the core is that of a low ridge with gently sloping sides; northeastward, the buried ridges
have greater relief and steeper sides, and, in part, are more irregular; the northeasternmost
sait anticlinal svetem consists partly of a series of gieepsided columns or plugs, probably con—
nected by a low ridge.

Sedimentary strata of Middle Pennsylvanian to Quaternary age are exposed in the salt anti~
cline region, and Precambrian and lower and middle Paleozoic rocks have been encountered in the
subsurface. The lower part of the sedimentary section is cutlined in Table 1. Crystalline rocks
of Precambrian age crop out in the Uncompahgre Plateau. Thick sedimentary deposits filling the
basin are largely marine evaporite, carbonate, and fine-grained clastuc rocks of Pennsylvanian
age, and continental arkosic deposits of Permian and Early and Middle (?) Triassic age derived
principally from thé ancestral Uncompahgre highland. Sandstone and mudstone of Late Triassic,
Jurassic, and Early Cretaceous age, also of continental origin occur in the basin and overlap the
ancestral Uncompahgre as well. These beds are succeeded by Late Cretaceous deposits of marine
shale and lirtoral sandstone, Igneous rocks of probable early Tertiary age occur in the laccolithic

Outcrop of Foradox Member
projacted 1o top of salt
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Figure 3 - isometric block diogram showing form of salt anticiines,
constructed an top of sait in Paradox Member of Hermasg Formation
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TABLE 1. Late Palsosoig and early Mesoxeds rock unite in snd sear tha
241t antipline region

| Thicknanss
Syatem Seriss Formation and member (faet)
Upper Ciinle Forsation 0~ 850
R T N T
Tnnamed sandstone 0. 300 (7)
Moenkepi Formation C 0= 1,300 (1)
Parioft Member O 200+
Triassic aod Sewamup Hember i Q- 500
Lowar Al Saba Mewber 6- 230
o . L e e i T e P e Py
Trisssic(?) Tandarfoot Member 8- 290
? ? E R e
Parmian Cutler Formation G- 8,060
¥ 1
Oppar Rico Formarien 0= 340
T ———— e P o vt
Harmoza Yormation!
Dpper menber " 0= 2,900(1
Pannsylvanian| Middie . : it
Faradox Meaber 0-14,500¢?;
Lover member 0- 185
" Towar ¥olas Formation of o 135
Upper ' Merril]l and Winsr (1958)
¥issisaipian Tovet : ~
Davonisn _ Pre-Penasylvanian G 2,000+
Cambrisn o Paleoioic Tocks

a Sal Mountains., Two of the laccolithic complexes are intruded at the top of salt structures
(Figure 2).

The deep trough part of the Paradox basin and the ancestral Uncompahgre uplift both were
in existence during salt deposition in Middle Pennsylvanian time, Structural displacements within
the basin and in the ancestral Uncompahgre apparently led ko the development of the salt anti-
clines.

PRE-SALT ROCKS

Geophysical evidence (Joesting and Byerly, 1958) suggests the salt anticline region may be
localized over a Precambrian structural depression, possibly an ancient sedimentary basin., The
Uncompahgre uplift is underlain by granites, pgneisses, and schists of Precambrian age. about
1. 300 million years old and older (Shoemaker, 1956; Aldrich and others, 1958, p. 1130). Gran-
ite, overlain by early Paleozoic sedimentary rocks, was also penetrated in s drill hole in the deep
trough part of the Paradox basin, south of Paradox Valley (Figure 4). The crystalline rock pene~
trated by the driil and the crystalline rocks exposed in the Uncompahgre Plateau may not be rep-
regentative of all the Precambrian rocks under parts of the deep trough, however. On the basis
of the geophysical data, H.R. Joesting and J.E. Case of the Geological Survey (oral communica~
tion, 1961) suggest that the northeastern part of the deep trough locally may be underlain by
Precambrian sedimentary rocks. If late Precambrian sedimentary rocks are present, they might
be broadly correlative with the Precambrian sedimentary rocks of the Uinta Mountains or of the
CGrand Canyon,

Pre~salt Paleozoic rocks in the salt anricline region are almost entively marine. The
sequence of pre-salt Paleozoic rocks consists of carbonate rocks and fine~grained clastic rocks
~f Cambrian, Devonian, Mississippian, and Early to Middle Pennsyivanian age (Table 1). These
. .ocks are about 2, GO0 feet thick southwest of the salt anticline region, and perhaps 1, 500 feet

thick beneath rhe sali anticlines. Some of rhese rocks have been encountered by drilling along the
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southeastern part of the Uncompahgre front, and, although they are absent from the Uncompahgre
highiand, they may have covered it prior 10 Pennssy;v&man time,

Rocks of Missiseippian age on the margin of the Uncompahgre uphft are about 16, 000 feet
higher structuraily than Mississippian rocks in the deep trough part of the basin (Figure 4).
About 16, 0CC feer of Pennsyivanian, Permian, and Lower and Middle {(?7) Triassic strata fill the
trough, snd pinch out abruptly against the Uncompahgre front.

Deeply buried ?vﬁbblSSlppIdl’l rocks within the basin also exhibit structural reliet. From the
top of Mississippian rocks near Lisbon Valley to'the top of Mississippian rocks underlying Para-
dox Valley, the relief is nearly 9, 000 feet (Figure 4). The southwestern part of the Paradox basin
is an irregular shelf bordering the deep trough. Strata of Pennsylvanian and Permian age are
roughly abour twice as thick in the trough-as they are on the shelf.

The surface on which salt was depo‘nteu ev&dentiy wag irreguiar. Deep drilling in and near
the trough has revealed not only the existence of abrupt structural relief in pre-sait Paleozoic
rocks, but also has shown that some of the pre-—aalt rocks on local buried structurally high areas
probably were eroded prior to deposition of the sali. South of Paradox Valley, evaporive-bearing
beds rest directly on rocks of Devonian age and the pre-salt Paleozoic gection here is only about
800 feet thick!, The base of the salt 18 here abour 5,000 fzet higher than in a nearby part of
Paradox Valley {see Figure 4). Northeast of the Lisbon Valley-Dolores anticline, salt directly
overlies a thin section of Mississippian rocks. As shown by Neff (1960, p. 61 and Rigure 9), the
missing section of rocks, probably aggregating sbour 300 feet in thickness, inciudes rocks of
BEarly Mississippian, and Early and Middle Pennsylvanian age. At this place the overlying section
of salt is only 760 feet thick, but it contains thin represenvatives of salt beds that range from the
lower through the upper part of the salt sequence (R.]. Hite, oral communication, 1961}, These
relations suggest the contact of the salt with older rocks is depositional rather than the result of
post~salt faulting in the basement. The inferred hmtory of development of the relief on the pre~
sait rocks s illustrated-in Figure 5.
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SALT-BEARING BEDS

The salt deposits are part of the Hermosa Pormation of Middle Pennsylvanian age (Bass,
1644; Wengerd and Strickland, 1954). The Hermosa Formation comprises two members of
strongly contrasting lithology: the Paradox Member, composed mainly of salt, and an upper
member, composed mainly of limestone and clastic rocks. In the deep subsurface the major
part of the Paradox Member includes about 30 beds of halite rock separated by anhydrite, dolo-
mite, limestone, and black carbonaceous shale. Rocks similar to those berween the halite beda
enclose the halite-bearing section and form the basal and uppermost parts of the Paradox Member.

Deposition of the salt and associated rocks followed a repeated, fairly uniform cycle.
R.]. Hite, of the Geological Survey (Hite, 1960} has identified 29 separate evaporite cycles, each
cycle displaying a complete or incomplete vertical gradation from limestone to dolomite 10 anhyd-
rite to halite rock (with or without potash salts), and thence inversely to ashydrite, dolomite, and
limestone. In addition to halite, potash salts were precipitated in 18 of the evaporite cycles, the
potash deposits occurring with the halite beds. One porash deposit has been traced in the subsur-
face for a distance of about 110 miles (from the Salt Valley anticline in the northwestern part of
the region inro northern Montezuma County, Colorado, south of the Lisbon Valley-Dolores anti-
cline (Hite, 1961, p. D~135). Though the thicknesses of the beds vary, the conditions of sedi-
mentation were relatively uniform across most of the basin through each depositicnal cycle, re-
flecting the broad scale of the tectonic adjustments in the sinking salt basin,

The salt-bearing part of the Paradox Member. as estimated from data from 84 drill holes
in and near the deep part of the basin, contains an average of 71 percent halite rock. The pro-
portion of salt cut in individual drill holes ranges from about 40 percent to more than 90 percent.
The proportion of salt is highest in a belt roughly parallel to and about 10 to 20 miles sourhwest
of the Uncompahgre fromt {Figure 6), Lines of equal sait content locally transect the salt anti-
clines. As the distriburion of salt is at least partly independent of the trend of the anticlines,
the pattern suggests that the original depositional pattern of the salt has not been greatly modified
by transfer of salt and associared rocks into the cores of the anticlines,

On outcrop, the Paradox Member consists of beds of laminated gypsum interbedded with
subordinate clastic and carbonate rocks, and with internally disrupted clayey gypsiferous units.
The clayey gypsiferous units are interpreted 1o be the residue of leached sait beds. These rocks
make up an ablated ar leached caprock above the salt cores that ranges In thickness from about
400 to 1, 300 feet, The gypsum content of the caprock, as estimated from detailed mapping, is
abour 25 to 50 percent in Sinbad Valley. about 53 percent in central Paradox Valley, and as much
as 80 percent in southeast Gypsum Valley. This apparent increase in the proportion of evaporite
rock in the caprock correlates with the subsurface increase in the proportion of salt away from
the Uncompahgre.

The proporiion of shale and sandstone in the Paradox Member increases abruptly roward the
northeast near the Uncompabgre front. Near the Colorado~Utah state line, beds of the salt-
bearing part of the Paradox Member contining a high proportion of clastic rocks extend somewhat
farther from the Uncompahgre front than in areas to the northwest and southeast. Arkosic ma—
rerial derived from the ancestral Uncompahgre was shed into this margin of the Paradox basin.

Sinbad and Fisher Valleys are close to the Uncompahgre front and are within the area that
has a high content of clastic rocks in the Paradox Member. Ar these places, about 50 to 75 per—
cent of the exposed beds of the Paradox are clayatone, siltstone, and sandstone, most of which
appear 1o have been deposited in a shallow water, near-shore environment. These beds are re-
farred to as the near-shore facies. Although the fine-grained rocks are predominantly light gray
some beds of shale are red. Macerated plant debris, fusain, and small pockets of coal are locally
common. The sandstone is fine to coarse grained and generally arkosic. Rarely, cobbles and
boulders of granite are present. In places, the sandstone containg salt casts and small-scale
sedimentary structures such as desiccation cracks and ripple marks, which are features that are
commonly associated with intermirtently exposed shallow-water deposits.

In the shelf part of the Paradox basin, southwest of the salt anticline reglon, the sait~bearing
section ranges from a featheredge along the margin of the basin 10 about 3, 00Q feet in thickness.
Although the original thickness of the Paradox Member in the vicinity of the salt anticlines is not
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known becausge it has been modified greatly by flowage of the salt, the thickness along the sites of

the major salt structures probably was ar least §, 000 feet, and may have been as much as
7,000 feet {Figure 3}, .

On the shelf area of the basin near the salt anticline region, individual salt beds undisturbed
by flowage range from abour 100 1o 300 feet in thickness, and non-salt-bearing intervals between
the salt beds commonly are about ten 1o a few tens of {eet thick., In the core of the Paradox Valley
salt structure, the greatest uninterrupted interval of salt is about 1, 360 feet thick; most of the
non-salt-bearing intervals penetrated beneath Paradox Valley range from about 100 1o 400 feet
thick. The thickness of individual salt beds in the cores of salt anticlines rends 10 be roughly

~*wice the thickness of undisturbed beds on the shelf area of deposition, which suggesis that the
~ acreased thickness of the salt cores of the anticlines, due to saly flowage, is about double the
" thickness of the original salt section. :
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Several types of evidence indicate that at the end of the ume of deposition of the salt an
irregular pre~salt surface was overiain by a body of salt of varying thickness, a part of which
probably had already been folded. On deeply buried structurally high areas of pre-salt rocks,
the Paradox Member is greatly thinned, and at places salt is absent (Figure 5}, Nearby in cores
of the salt anticlines, the Paradox Member locally forms great masses with thickniesses on the
order of 10, 600 feet or more, Several thousand feer of abyrupt structural relief occurs at the top
of salt and also at the base of the salt {Figures 4 and 3}, as shown by deep holes recently drilled in
and near the Paradox Valley, Gypsum Valley, Lisbon Valley, and Moab Valley salt antclines. in
each case, these salt structures appear 10 be localized in structurally low arcas that are bordered
on their south sides by high ridges of pre—salt rucks. The subsurface data from Paradox Valley
illustrate this relation especially well. In the Continental Qil Co, No. i Scorup and others well,
in the core of the salt structure, the sait~bearing mass is more than 14, 000 feet thick and the
base of salt is more than 9, 000 feet below sea level. Abour 3 miles southwest of the margin of
the salt core, the Paradox Member, apparently lacking salt, is reported to be less than 300 feet
thick?. At this place, the base of the Paradox Member lies about 4, GO0 feet below ses level or
more than 5, 000 feet higher than the base of the Paradox Member benesth the salt core. The
known structural relief at the base of salt across the Gypsum Valley salt structure is about
2, 600 feer (Figures 4 and 5). Near the southwest flank of the Lisbon Valley anticline about
2, 300 feet of srructural relief occurs at the base of salt, Near the Moab Valley anticline the
known structural relief on the base of salt is abour 3, 700 feet (Figure 4).

Information from one deep hole ~- the Delhi Taylor No. 2 Utah —— drilled in the northwest
part of the Moab Valley sailt structure {Figure 4) suggests deformation of pre-sait rocks occurred
during the time of deposition of the salt. The top of the sait core at the northwest end of the Moab
Valley salt structure is a4 normal sedimentary contact, The core is about 7, 000 feet thick, and
the base of salt 1s about 5, 000 feet below sea level. Individual salt beds in the upper half of the
core are about the same thickness as salt beds away from the salt structure. In the lower half of
the core, however, several of the salt beds are much thicker than their equivalents in the adjacent
shelf area on the southwest. One of the lowest salr beds apparently is duplicated by folding in the
anticlinal core {(R.]. Hite, 1960, Figure 2). These relationships may be explained by subsidence
of pre~salt rocks along the site of the salt structure during the early to middle part of the period
of salt deposition, Such subsidence might result not only in the deposition of locally thicker sec~
tions of salt, but might also have initiated folding of previously deposited salt beds. This struc-
ture presumably was then masked by younger deposits of salt,

GROWTH OF THE SALT CORES AFTER SALT DEPOSITION

Initial growth of the salt cores occurred in Middle Pennsylvanian time, under marine condi-
tons, and with no significant cover of post-salt sediments overlying the salt structures (Elston
and Landis, 1960; Landis and others, 1961; see Figure 5). Continued rapid growth of the salt
cores occurred during Late Pennsylvanian and Permian time. Pennsylvanian and Permian beds
lie with successive unconformable onlap on the evaporite cores. The crests of the evaporite
cores were maintained at or near local bage level for a long period of time during which thick
sections of post-galt rocks were deposited on their flanks., Thus the salt cores are not basically
piercement or diapiric structures. Thin wedges of Pennsylvanian, Permian, and early Mesozoic
strata at places overlie the evaporite cores. Although these wedges have been locally disrupted
by subsequent pulses of growth, the salt structures evolved largely by meana of gradual growth
as the beds, deposited on the flanks of cores, subsided.

An example of the field evidence demonstrating eariy growth of the salt cores is illustrated
in a geological map of a small area in central Paradox Valley {Figure 7). Here, as is cornmon at
other places, beds of the Paradex Member of the Hermosa Formation are folded and crenulared.
The beds include gypsum, gypsiferous breccia that probably once contained salt, and black shale
and subordinate carbonate rock and sandstone. As shown by the map, beds of the Paradox are
unconformably overlain by a very thin wedge of the upper member of the Hermosa Formation,
which consista of carbonate rock and greenish shale. The carbonate beds of the upper member

ZShell il Co. No. 1 Wray Mesa upir, Pairoieum [nformarion, Denver, Colorado.
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are, in turn, unconformably overlain by a basal conglomerate and sandstone sequence of probable
marine origin, which is transitional upward into characterisiic red beds of the Cutler Formation
of Permian age. At this place, the marine Rico Formation, which in most places lies between
the Hermosa and Cutler Formartions, is abgent. The Rico Formation is present, however, in
northwest Paradox Valley, where it is unconformably overlain by a thin wedge of the Cutler For-
mation,

Along the north wall of northwest Paradox Valley the exposed part of the Cutler Formation
is locally more than 2, 000 feet thick. It is only a few rens of feet thick, however, in nearby out-
crops in the center of the valley. There is no marked angular discordance at the top of the Cutler
(Shoemaker and others, 1938}, and the thinning of section is subtle, Here the thinning of the Cut-
ler takes place within the formation, which indicates the core of the salt structure was growing
during Cutler time.

In exposures on the north side of Gypsum Valley, near the Dolores River (Figure 2), uncon-
formities separate the Paradox Member from the upper member of the Hermosa Formation, the
Hermosa Formation from the Rico formation, and the Rico Formation from the Cutler Formation
(Elston and Landis, 1960)., At one place an internal unconformity has been observed within the
upper member of the Hermosa Formation. The aggregate thickness of these exposed post-Paradox
beds is less than 250 feet, yet they are the correlatives of beds distributed through a strarigraphic
thickness of more than 3, 000 feet beneath the adjacent north flank of the Gypsum Valley salt struc—
wred (as shown on Figure 5). Essentially contemporaneous growth occurred on both the Gypsum
Valley and Paradox Valley salt structures in Middle and [are Pennsylvanian, and in Permian time.

In Salt Valley, Utah (Figure 8), a conglomerate conmining bouiders of Mississippian
limestone unconformably overlies the Paradox Member {Elston and Shoemaker, 1960}, The con-
glomerate is interpreted to be the basal member of the Cutler Formation. A part of the limestone
detritus contained in the conglomerate probably was derived from Mississippian heds upturned on
the flank of the ancestral Uncompahgre, about 2 dozen miles to the portheast. Here again the
principal growth of the salt structure accurred before the end of Cutler deposition.

Growth of the salt structures in late Paleozoic time was concomitant with uplift on the an—
cestral Uncompahgre. From the time of deposition of the Paradox Member through deposition of
the Cutler Formation arkose was spread progressively greater distances across the Paradox ba~
sin (Figure 8). The first major pulse of uplift of the Uncompahgre source area apparently oc-
curred in Middle Pennsylvanian time and was possibly accompanied by deformation of the pre-salt
rocks in the basin. Possible southwest tiling of the basin during this uplift may have caused the
cessation of sal deposition. Initial {folding of the salt section may have taken place during this
regional deformation. Arkosic debris, which had been transported only into the margin of the
basin during salt deposition, was spread farther from the Uncompahgre after the cessartion of salt
depositien (Figure 8, arkosic facles of upper member of Hermosa Formation), but the detritus
was still deposited in a marine basin. The culmination of major uplift on the Uncompahgre re-
sulted in a flood of coarse arkose across the salt anticline region (the Cutler Formation), and in
the exclusion of the sea from the area of the salt anticlines.

In the deep trough part of the Paradox basin, thick deposits of the Cutler were laid down in
the synclinal areas between the growing salr anticlines. Much thinner deposits of the Cutler were
iaid down southwest of the deep trough, The growth of the salt cores largely Kept pace with depo—
sition on their flanks, bur Dy the end of Permian time a few hundred feet of beda of the Cutler
locally overlapped the evaporite cores. The lack of Paradox detritus in Paleozoic beds that Jap
on or are adjacent to the salt structures is suggestive that the plastic evaporite cores did not form
topographically high ridges. Growth of the salt structures during much of Permian time probably
was caused mainly by loading of sediments on the flanks of the structures.

Topographic relief on the ancesiral Uncompahgre was evidently much reduced near the end
of Permian time, and a deep regolith was developed on the crystalline surface {(Figure 5} A pulse
of uplift at the end of Permian resulted in the stripping of the regolith and renewed erosion of the

crystalline core of the uplift. The deposition of this material in the basin produced the Tenderfoot

351‘!{-}1} Gil Co. No. | Noreh Gypsum Valley undr, Petrojeum {nformation, Denver, Coleorado.
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Member of the Moenkopi Formation {Table 1), which overlies the Cutler Formation with gentle
unconformity in exposures away from the salt siructures (Shoemaker and Newman, 1959). Very
locally over the salt structures the Tenderfoot Member lies with strong angular unconformity on
the Cutler. A bed of gypsum locally present near the salt structures at or near the base of the
Tenderfoot Member (Shoemaker and Newman, 1959, p. 1841) may have been derived from exposed
Paradox. In places the Tenderfoot is overlain with angular unconformity by the conglomeratde Al
Baba Member of the Moenkopi. Surges of growth of the salt cores apparendy accompanied the re-
newed uplift on the Uncompahgre.

A second, minor, pulse of uplift occurred on the Uncompahgre later in Early or Middle {?)
Triassic time resuliing in deposition in the basin of the conglomeratic uppermost {(Pariott) member
of the Moenkopi. This pulse of uplift also is correlated locally with renewed growth of the salt
cores.

By the end of Middie (7} Triassic time the period of great displacernent between the ancestral
Uncompahngre and the deep trough of the Paradox Basin had ended. The core of the Uncompahgre
was overlapped by a vencer of Late Triassic, Jurassic, and Cretaceous beds. The salt anticlines,
however, continued their growth slowly., The exposed cores were overlapped to a progressively
greater extent until, in Late Jurassic time, most of the salt structures were covered. A part of
one of the salt structures, the southeast end of the Gypsum Valiley anticline, probably was not
buried until Late Cretaceous tme (Landis and others, 1961}

During a period of regional deformation in the interval from latest Cretaceous to early
Tervary, in which there was renewed uplift on the Uncompahgre, broad folds were developed
over the salt structures. Subsequent regional uplift of the Celorado Plateau during middle to late
Tertiary time resuited in the entrenchment of the streams and the breaching of the salt anticlines.

The rate of growth of the salt anticlines was directly correlated with the rate of subsidence
of the Paradox Basin and filling of the Basin with sediments, By the end of Middle Triassic time,
when the local subsidence of the deep trough had ceaged, the growth of the salt structures slowed
greatly. If rapid subsidence of the Basin had continued throughout the Mesozoic and into the Ter-
tiary, salt domes of the Gulf Coast type might have formed at places above several of the more
active cells of growth on the salt structures. The ultimate cessation of growth of the salt cores in
late Mesozoic time apparently was accompanied by local pinch—off and exhaustion of salt beneath
the areag flanking the salt structures. Because the active period of growth of the salt structures
ended in mid-Triassic tirne and the Colorado Plateau was later elevated and deeply dissected,
evidence for the early growth of these salt structures has become accessibie.
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