Fold Relationships Within
Evaporites of the Cane Creek Anticline, Utah

ABSTRACT

At the Cane Creek mine in southeasiern Ulah,
Texas Guif Sulphur Company mines patash from
the Pgradox Member of the Pennsylvanion
Hermosa Formation. The potash bed consists of
regular alternations of sylvinite (sylvite + halite}
layers 1 to 6 inches thick and anhydrite lanunage
less than 1/8 inch thick. The ore is overlain by
about 40 feet of shaly delomite-anhydrite and s
underlain by about 140 feet of salt.

Locally, the shaly dolomite-anhydrite bed and
the potash bed have been deformed into folds havo-
ing a wavelength between 100 and 400 feet and an
amplitude from 20 to over 100 feet. The anhydrite
luminae in the sylvtnite and salt beds below contuin
smaller folds which are reluted to the folds in the
overlying dolomite-anhydrite. The iinor folds
have a uniform sense of asymmetry, their imbs are
attenuated and broken, and the intensity of the
Jolding ¥n the sylvintte and salt increases downward
from the dolomite-anhydrite. The most severe
minor folding occurs where the averlying dolomite-
anhydrite is iiself folded.

Early in the history of sedimentation of the Par-
adox Member, a compressive stress buckled the
anhydrite laminae in the sylvinite and halite, As
burigl and deformation proceeded, the early buck-
les were modified by passive flow, Ultimately the
anhydrite-dolomite bed was folded, the compres-
ston in the cores of the resultant antickines causing
severe folding and minor faulling in the enhvydrite
laminae in the sylvinite and halite below,
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INTRODUCTION

In late 1964, Texas Guli Sulphur Company
hegan mining potash on the Cane Creck anticline in
southeastern Utah. Shortly after mining began, the
Cempany found that numerous smaller folds
existed on the major anticlinal structure.

As development work exposed more of the
potash bed, it became appareni that several types
and styles of folding were present. A special study
was undertaken during the summer of 1967 to try
ta determine if these smaller folds were related to
each other and to the Cane Creck anticline. This
paper presents the resuits of the investigation.
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structure contour maps drawn on the base of the
marker bed overlving the potash horizon. His maps
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study.
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GENERAL GEOLOGY

The Cane Creck anticline is one of many anti-
clines in the Paradox hasin of southeastern Utah
and southwestern Colorado {Fig. 1). At the sur-
face, the crest of the anticline trends about
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Figure 1. Location map of the Cane Creek antlcling, modified from
Hite {1861).

N.60°W., and the limbs dip between 5 and 10 de-
grees. The oldest rocks exposed at the surface on
the eroded crest are limestones of the Upper Mem-
her of the Hermosa Formation of Pennsylvanian
age. The top of the saht of the underlying Paradox
Member occurs at a depih of abour 2000 feet be-
low the crest of the antcline. The hase of the salt
rests on the Lower Member of the Hermosa Forma-
tion at a depth of about 7000 feet, as shown on
the generalized stratigraphic section in Figure 2,

The Paradox Member is about 5000 feet thick
in the Canc Creek anticline. Regionally, the mem-
ber contains 29 or more distinet salt beds, sep-
arated from each other by marker beds consisting
of variable combinations of anhvdrite, shale, mud-
stone, siltstone, and dolomite.
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Figure 2. Generalized stratigraphic secton of the Cane Creek area,
modified from Davidson and Kerr {1968),

Hite (1960} assigned a number to each salt bed,
starting with 1 at the top. The marker heds be-
tween salt beds have been referred to informally as
“clastics,” to differentiate them from the salt beds.
Many ol the beds referred to as clastics actually
consist mainly of anhydrite and dolomite, so the
term “clastic” is often a misnomer. Vertical grada-
tions from anhydrite and dolomite 1o shale, mud-
stone, and siftstone are common, making ic dif
ficult to assign a suwitable name to these marker
beds (Hite, 1960). To overcome this difficulty,
Hite {1968, personal communication) suggested
that these beds be referred to simply as “marker
beds.”

The stratigraphic nomenclature used in this re-
port incorporates Hite’s numbering system for salt
beds and alse assigns numbers to the marker beds
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underlying the various salt beds. Hite (1960} ff}uud
that potassium salts occur in at feast 18 of the 29
salt beds, usually near the tops of the salt beds.
These potash-bearing zones are numbered the same
as the salt bed in which they occur, but are pre-
fixed with “K.” ““§” is used as an abbreviation for
salt {halite rock) and “M” for marker beds. The
numbering system we have chosen for the various
beds in the Paradox Member is shown m Figure 3.

In the Cane Creek area, Salt 1 is absent. Either
it was not deposited or was deposited and later
dissolved away. The potash cone presently being
mined is KB, near the rop of Salr 3. Marker bed
M4, consisting mainly of anhydrite, dolomite, and
shale is about 40 [ect thick and lies above K5. A
stratigraphic section of the beds of interest in the
Cane Creek arca is shown in Figure 4.

The potash mine is served by two shatts sunk on
the northeast flank of Cane Creek anticline, shown
schematically in Figure 5. The shafts are bottomed
in the Upper Hermosa limestone, about 30 feet
above the Paradox salt, which in this location is
Salt 2. Inclined entries were driven down from No.
1 shaft to intersect the KB potash zone at a dis-
tance of 3000 feet from the shaft,

STHATIGRAPHY OF THE K5 ORE ZONE

During initial mining, the potash bed under
ground appeared to counsist of a monotonous
sequence of sylvinite layers from 1 to 6 inches
thick separated by thin anhydrite laminue less than
1/8 inch thick. Studies of the ore showed a readily
identifiable wmicro-stratigraphy throughout the
mine to which a numbering system was applied.
The sylvinite layers were given even numbers and
the anhydrite laminae--called ‘“bands” by the
miners—were given odd numbers. ]

A particularly prominent anhydrite band about
seven feet below the Marker bed M4 was arbitrarily
assigned the number 99. The numbering scheme
for the bands is largely the work of Grandbouche
and Hite, and is shown in Figure 6, The anhydrite
band that has been most useful to the miners and
most easily recognized is the 139 band. Above 63
band the ore is purtially recrystallized so that bed-
ding s difficult to discern. A disconformity sep-
arates the top of the ore from an overlying thin salt
hed. The contact between the thin salt bed und
marker bed M1 s also a disconformity.

Figure 3. Nomenclature used in this report for beds in the Paradox
Menmiber nf the Hermosa Formation.
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Figure 4. Stratigraphy of upper part of Faradox Mermber in the Cane
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Figure 5. Schematic cross seetion through the Cane Creck anticline
{looking northwest).
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GEOLOGY OF THE FOLDED BEDS

Fold classification witkin the Cane Creek Anticline.

In studies of falded rock sequences, i1t has been
found that various orders of fold sizes exist (e.g.,
De Sitrer, 1956; Prucha, 1967, 1969). The method
of determining the various orders of periodicity in
a folded kaver is straightforward (Ramsay, 1967, p.
354, 355) and applied to the folding within the
Cane Creek anuicline, produces a convenient
scheme of classification of the structures,

The Cane Creek anticline, the major fold, is
termed the first-order fold. In marker bed M4 are
second-order folds with wavelengths up o 400
feet. They affect the ore and salt immediately be-
low and their orientation differs from thar of the
first-order fold.

The anhvdriie laminze within the potash hed
have also been delormed into folds of even smaller
wavelength, no more than several feet. These are
third-order folds and, as depicted in Figure 7, are
complicated by fourth-and fifth-order folds. Figure
8 shows in a diagrammatic way the various {fold
orders within the Cane Creek anticline.

Throughout the mine, anhvdrite laminae ex-
hibit small asymmetrical crenulations (Figs. 7, 11)
which have amplitudes and wavelengths of less
than I inch.

Characteristics of the folds in the
anhydrite laminae.

Figure 10 is a plan and soruciure contour map
of that part of the Cune Creck mine considered in
this investipation. The relationship between the
folds in marker bed M4 and the folds in ihe
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Figuee 7. Folds in anhvdiiw laminae,
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anhydrite laminae of K5 and 35 was studied along
the seetion marked A-A”. Figure 11 (in pocket) s a
section of the folds in the marker bed and the
anhydrite laminae, and was prepared from a tracing
of a series of photographs of the entire section
studied.

The anhydrite lammae display certain features
common to the third-, fourth-, and {ifth-order
folds:

(1) Each fold along the study scction, even the
smallest crenulation, has an identical sense of
asymmetrv or overturning {Figs. 7, 11}

{2} The anhvdrite laminae are attenuated and
broken, especiallv on the limbs of folds. The de-
gree of attenuation varies along the section studied
and provides information on the nature of the told-
ing. This feature will he discussed below in greater
detail.



Foid Relationships within Evaporites

10

-8
:
[

SYNCLINE

Figure 10. Lacation map of cross section A-A’. Fillars arc numbered 1 through 11,

(3) Individual third- and fourth-order folds can
he traced downward stratigraphically from anhy-
drite lamina to anhydrite lamina. However, the
amplitude of the folds low in the potash bed and in
the salt (Fig. 6) is greater than that of folds strati-
graphically higher. The intensity of the [olding in-
creases downward from marker bed M4,

There is a definile relationship between the
second-order folds i marker bed M4 and the
third-, fourth- and fifth-order folds in the anhy-
drite laminae in and below the potash bed. Stated
simply, where the marker bed is horizontal or
gently dipping, the only muanifestations of defor-
mation in the potash horzon are the minor creno-
lations (Figs. 7, 11; pillar 3), Where marker bed M4
is folded or is steeply dipping, as, for example, on
the inclined limb of a menocline, more severe
third-order folds in the anhydrite laminae can be
scen (Fig. 11; pillars 1, G}

It has been noted above that the size and sev-
erity of the third-order folding in the anhydrite
lamimac increase away lrom marker bed M4, How-
ever, at two places on the section, large third-order
folds appear high enough in the potash bed to have
aftected the 139 bund {see Fig. 6). It is significant
that these folds affect anhydrite laminae high in
the potash bed only where the rock of marker bed

M4 has been deformed into an anticline (Fig. 11;
pillars 9, 10, 11).

The attenuated limhs of the third-order {olds in
the anhydrite laminae testify to the fact that slip-
folding was the mechanism by which many of the
minor [olds in the evaporites were formed (Carey,
1962; Donath and Parker, 1964). The fulds closely
approximate the similar fold moedel {Van Hise,
1846) in which successive 8 surfaces (in this case
8, or bedding) have similar profiles (Fig. 12). This
fold type is well-displayed in metamorphic rocks,
which at the time of deformation were in a very
ductile state; and is to be expected in evaporites,
rocks which displav remarkable mobility.

Along the section siudied, and throughout the
mine workings, individual sybvinite or halite units
thin towards second-order synclines and thicken
towards second-order anticlines. This plastic How
of the sylvinite and halite has modified the simlar-
type third-order folds in the anhydrite laminae
along much of the section.

The attenuation of the anhydnte laminae on
the limbs of third-order folds has been so severe in
places as to produce incipient transposition
structures--fold structures in which the fold nose
has been sepurated completely from the remainder
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Figure 12, Geomelry of idealized similar fold sevr in profile,

of the structure (Knopf, 1938, p. 189,190;
Whitten, 1966, pp. 81-213), e.g., pillar 6 (Fig. 11).

The third-order folds affecting the anhydrite
laminae near the 139 band in the potash bed are
not characterized by severe limb attenuation. The
anhydrite laminae retain their continuity along
limbs and in fold noses, except for some attenua-
tion of the middle limb of a threedimb anticline-
syncline structure (Fig. 11, pillar 9}.

The westemmost 150 feet of pillar 11 (see Fig.
11} is in the salt below the potash. This part of the
section is in the core of a large anticline in marker
bed M4, At this location, the folding of the anhy-
drite laminae is the most severe of the entire study
section, yet the attenuation so characteristic of the
folds elsewhere is not present. [t appears that there
was not the severe plastic movement of the salt
here that there was along the remainder of the
study section.

ORIGIN AND DEVELOPMENT OF
THE FOLDING IN THE
CANE CREEK ANTICLINE

Detailed structural data indicate that the origin
of the minor symmetrical and asymmetrical folds
associated with larger folds is not as simplc as the
term “drag fold” implies. De Sitier {19586, p. 57;
1958, p. 279-280) indicated that those minor folds
which occur on the flanks and crests of major folds
could not have been produced by drag because
bedding-planc slip is absent at the fold hinge during
flexural-slip folding. Ramberg (1963a, p. 98;

Foid Refationships within 5"3.{

1963b, p. 504) considers that compression plays
crucial part in the evolution of minor folds, and ¥,
Sitter {1958, p. 280, 281} suggested that asym
rical folds would develop if the particular bed ha
a slight dip at the start of the compressive proces
(Fig. 9). Becuuse drag was not important in 1
development of these minor folds, De SKitt
(1958), emploving a term coined by Shearman
substituted the name “‘parasitic folds.” The term
has beeome well-established in the lLiteratuge
(Whitten, 1966; Ramsay, 1967; Howard, 1968}7
and is used throughout this report. i

The following aspects of the structures
marker bed M4, the potash and the salt require
explanation: L

(1) The cause of the second-order folding.

{2) The uniform sense of asymmetrv in th
third-order parasitic folds and crenalations.

(3) The fact that the greater the distance from
marker hed M4, the more severe the deformatio
of the anhydrite laminae.

{4} The lack of limb attenuation in the anhy-
driie [aminae of the halite core of the second-order
antichne at the end of the study section (Fig. 11,
pillar 11}.

{5) The appearance of third-order folds within
the potash bed where marker bed M4 has been
deformed into an antichne. _

There have heen few detailed studies of the
defarmation of beds of halite or sylvinite assor
clated with more competent dolomitic, anhyditi
or clastic units. The study of a diapiric Missi
sippian halite and anhydrite sequence in Nova
Scotia (Evans, 1967) has little relevance to the
present investigation for at Cane Creek the sylvins
ite and halite beds of the Paradox Member have
not breached the overlying competent units. The
deformation of an interbedded halite and marly
claystone sequence at Zipaquira, Colombia, has
been studied but not yet reported (McLaughblin,
1968, writien communication}.

The only work which is of use for comparative
purposes is that of Prucha (1967, 1969) in the Silu-
rian salt exposed in a mine in the Firtree Point °
anticline in ceniral New York. As at Cane Creek,
minor second- and third-order folds complicate the
majer structure. The folding in the Firtree Point
anticline is disharmonic through a stratigraphic in-
terval of 700 feet, a style of folding which has been
suggested for the Cane Creek structure (Hite, 1968,
p. 323), but which cannot be demonstrated from
within the mine workings. In both Cane Creek and
Firtree Point, initial folding was controlled by the
competent units, a process which is characteristic
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most compctent/incompetent sequences
iliams, 1961, p. 321, 322},

The folding of layered rock sequences has been
: subject of recent theoretical and experimental
restigations, many of which are applicable ia this
sicussion of the folding at Cane Creek. Biot
964) considered the effect of layer-paraliel com-
ession on a laminated medium confined between
o rigid straight boundanes. Perfect slip was as-
med at the rigid wall, so that compressive flow
as restricted to the multilayered structure. Biot
owed that during compression, folding of the
mfined mululayer sequence would occur, and
rat the folding died out at the top and bottom
nfining walls (Fig. 13). In this simple model, the
itial folding of the multilaver was complicated
ightly by interstitial flow along the direction of
e layer, where one type of material in the lam-
iated sequence was very solft in comparison with
1e other. In a sequence of anhydrite laminae and
ylvinite layers, the sylvinite will be considerably
jore mobile than anhydrite (Lotze, 1957, p.
31-333).

LLL LS LSS LS L

T

M
B
s o —— L,

TS ST

Figare 13, Intemnal buckling of a2 multflayered medium under rigid
confine ment {from Biot, 1964),

The buckling of mulilayvers sandwiched be-
tween straight beds was considered also by
Ramberg (1963, 1964}, In this case, the multilayer
sequence was scparaied from the rigid walls by
thick slabs of soft material. Although this situation
is rather unrealistic geologically, it is nevertheiess
of inierest because Ramherg showed that the fold-
ing of the multilayer preceded the folding of the
confining layers, a sequence of events duplicated in
the fater study by Biot {1964). The wavelength of
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the folds that develop has been shown to be de-
pendent on layer thickness (Fig. 14, from Currie et
al, 1962), and the fold wazvelengths in the third-
order folds at Cane Creek (Fig. 7) are clearly of the
right order of magnitude to fit the graph in Figure
14,
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Figure 4. Log-log plot of the wavelength to thicknesy relaionship
{from Currie £t i, 1962).

it is important to consider the circumstances
under which folds of uniform asymmetry might
develop. De Sitter (1958) showed that the folds in
any bed which had a slight dip ai the start of the
compressive process would necessarily be asym-
meiric (Fig. 12), In a series of experiments of
buckling of multilayers, Ghash (1968) noticed that
when the maximum compressive shortening was at
a low angle to the layering, the folds in the multi-
layer developed asvmmetric shapes. He demon-
strated also that after initial compression had
folded a multilaver, furtber application of the same
stress produced large folds in the embedding med-
ium. The shear strain which resulted from the
growth of the large folds obliterated carly small
folds on the flanks of the larger structures and left
the minor folds localized towards the cores of the
major structures {Ghosh, 1966, 1968).

The writers are aware that none of the above
theorctical or experimental work reproduces
exactly the conditions pertaining during the defor-
mation at Cane Creek, Neither experimental work,
however complex, nor mathematical discussion,
however free of simplifying assumptions, can hope
to treat of all the variables that existed when a



294

multilayer of thin competent and thicker ncom-
petent units, sandwiched between strong beds, was
subject to repeated and variable tectonic stresses.
However, such experimental and theoretical con-
siderations are of some use in a qualitative way In
this attempt to understand the processes involved
in the deformation at Cane Creek.

The formation of the Cane Creek structure has
been described by ilite (1968). who based his
determinations upon the drillhole data which ac-
crued as a result of the extensive drilling in the area
[or potash and petroleum. The Cane Creek area
was a structural low which was downwarped during
salt deposition. Initial upward growth of the struc-
ture began during the later stages of salt deposi-
tion. Fokling of salt beds arched the upper salt
units into an antichnal form.

The writers believe that the following scquence
of events explains the structures now seen in the
Cane Creek anticline. The sequence is not in con-
flict with the history of deformation previously
interpreted from drillhole information.

The folds and crenulations in the anhydrite
laminae of sylvinite {K5) were formed shortly after
deposition. This is also true for minor crenulations
in anhydrite laminae of Salt 5 and Salt 4. In the
inclined entries from the shaft to the potash min-
ing horizon, the eroded top of Salt 4 is exposed,
and here can be seen truncated {olding and trun-
cated crenulations. It appears that a compressive
stress was acting even during the deposition of the
uppermost salt units.

I{ the foregoing discussion of theory and cxper-
iment be considered, then the third and higher
order folds should vanish ar the bounding marker
bed M4 (Fig. 13} and the asymmetry of the folds
should be the result of compression of a slightly
dipping layer (De Sitter, 1958; Ghosh, 1968}, This
is not unreasonable, for Hiie (1968} argues quile
logically that the basin of accumulation was under-
going downwarping al the time when deposition of
the upper salt beds was still in progress, but there is
no way that one can determine the location of the
axis of the trough with any accuracy.

The origin of the compressive stress that caused
the folding within ihe evaporites of the Cane Creek
anticline 15 perhaps beyond the scope of this re-
port. It is pertinent, however, to mention that two
possibililies exist: (1) Compression on a regional
scale has been suggested by Hite (1968}, who
indicated that the rise of the evaporite masses com-
plicated the early-formed compressional leatures.
{2) If the Cane Creek depositional area was being
downwarped during the accumulation of the evap-
orite umts, then the later rise of those units would

Foid Reiztionships within Evaporites

necessarily produce a shortening (compression) of
individual layers within ihe sequence. Compres-
sional stress in the younger layers might, therefore,
be the result of upward movement of older evap-
orites.

Donath and Parker (1964} explained that the
mechanism of fold fermation was a funciion of
rock type, the environmenial conditions periaining
during deformation, and the relative ductility of
each of the rocks involved. The ductility of the
rocks can, of course, change with changing environ-
mental conditions during the course of deforma-
tion. Figure 15 {from Donath, 1963} expresses
neatly the qualitative relationship hetween fold
mechanisim and rock ductility.
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Figure 15. Fields of folding related to mean ductlity and ductility
contrast {from Donath, 1963).

During the early deformation at Cane Creek,
there would have heen littdle overburden above the
evapurite section. Under such circumstances, the
ductility contrast between anhydrite laminae and
adjacent sylvinite/halite layers would be moderate
to high, and the mean ductility would be low te
moderate (i.e., point A on Fig. 15}, Folding would
be by flexural flow: the anhydrite laminae would
control the shape of the folds, but there would be
considerable flow within the adjacent layers of
sylvinite/halite to aillow these incomperent units to
accomodate themselves to the developing fold
form (Williams, 1961).
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As the burial of the Paradox Member procecded,
the environment of deformaiion of the Cane Creek
sequence was changed. Increasing temperature and
pressure increased the ductility of the evaporite
units to such a point that the mean ductility was
high or very high, and the ductility contrast was
tow (point B on Fig. 15). The mechanism of fold-
ing of the anhydrite laminaze and the sylvinite or
halite lavers would, under such circumstances, be
passive flow (Donath, 1963; Donath and Parker,
1964}; the layering or anhydrite laminae would
exert no control on the deformation, and the slip
{olds or similar folds so sbundantly displayed on
the study section (Fig. 11) would be formed, as
would the incipient transposition structures.

The change in cnvironment of deformation (Fig.
15, A-B) during the development of the Cane
Creek anticline provides a suiiable explanation for
the apparent discrepancy in the mechanical behav-
ior of the anhvdrire laminac. The laminae had to
he sirong encugh to transmit a horizontal compres-
sive siress to form the original buckles, yet had to
be ductile enough at a later stage to permit the
madification of the early folds by passive flow.

Continued compression ol the develeping Cane
Creek antichne and movement of the salt (Hite,
1968} caused the folding of the marker bed M4, As
shown by the theoretical discussion of Biot {1964),
initially the potash bed and perhaps the uppermost
of the saltfanhydrite sequence (Fig, 6) would not
be folded. However, with the developmenl of anti-
clines in marker bed M4, in the cores of which the
stresses would be the greatest, the uppermost salt
and the ore would become affected and would be
folded by the same passive flow mechanism that
modified the carly-formed buckles. Simply stated,
the incompetent materal in the core would be
squeezed by the imbs of the fold in the competent
bed (see Ramberg, 1961, p. 407). The protection
that marker bed M4 afforded the anhydrite tam-
inae during the early compressional stage would no
longer be sufficient to prevent the folding of the
laminae in the core of the second-order anticlines.
In addition, there would be movement of material
towards anticlines and away from svnclines, pro-
ducing thickening and thinnmg along the section.

An indication that the stress in the core of the
anticlines was very severe is provided by three
small faults in the section beneath the largest of
the structures studied (Fig. 11, piflar 11; Fig. 16).
Odé (1960) described a process of deformation by
which faulting in sedimentary rocks could have
originated in response to ductile rather than brittle
rock properiies. A rock being deformed by flow or
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Figure 16, Ductile faults in salt helow potash bed.

slip might be faulted without fracture in the ordi-
nary sense, because macropscopically
discontinucus flaw, when concentrated in a narrow
zone, produces a ductile fault (Qdé, 1960;
Williams, 1961; Donaih and Parker, 1964). Faults
in incompetent materials like sand and clay can be
interpreted as velocity disconlinuities arising dur-
ing flow, for “If such a velocity discontinuity is
present, it will appear that the plastic medium,
after tlowing for some time, has heen faulted along
the discontinuity.” (Odé, 1960, p. 311} It has
been suggested above thar at the time the second-
order folds mn marker bed M4 were produced, the
anhydrite und salt/sylvinite sequence was in a very
ductile state, and was subjected to such passive
flow defurmation,

The sequence of events described above and
summarized below is compatible with the sequence
ol events derived from the analysis of drilthole data
{Hite, 1968) und lends credence to the idea that
the development of the evaporite-cored anticlines
in the Paradox Basin began at an early stage in the
sedimentation of the Paradox Member.

{1} Evaporites were deposited in subsiding basin.

(2} Upward movement of early evaporite beds
caused compression of later units, including those
exposed in the Cane Creck workings.

{3) Initially, anhydrite laminae were strong
enough to buckle as a result of the compression.

{1) As burial and deformation procceded, the
nature of the folding process changed 1o one of slip
folding. The initial buckles were modified by pas-
sive flow.

(5) Continued compression caused folding in
marker bed M4 which, in tum, caused more severe
compression of incompetent material below to pro-
duce folding and minor faulting of material in
cores of anticlines in M4,
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