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By Georgs W. Moore
ABBTRACT

A canparstive study of marine evaporite deposits forming at the present
tims along the Pacific cosst of central Mexico and evaporite formstiocms of
in vas mads in oxrder t0 determine if the modera
for understanding enviromsental conditions the$
axisted during deposition of the older deposits. The field wvork wvas sup-
plemented by investigations of artificial evaporits minerals precipitated ia
the laboratory and by study of the chemical composition of halite rock of

The enviromment of deposition of eontemporansous marins salt dsposits
in Mexico is acidic, is strongly reducing a few centimeters delow the sure
face, and teems with microscopic life. Deposition of salt, unlike that of
zany other sediments, is not wholly a constructional phenomencn. Fermanent
ieposits result only if a favorable balance exists between deposition in the
try sesson and dissolution in the wet seasomn.

Ivaporite formations chosen for special study in the West Texas Basin

The clastic rocks of the Rustler formation are interpreted as the dsposits
of 8 series of barrier islands north of vhich halite rock of the Salado was de-
posited. Tha salt is delieved to have formed in shallov water of uniform den-
sity that vas mixed by the wind. Where water depth exceeded the depth of
wind mixing, density stratification developed, and gypsum wvas deposited.
Dense water of high salinity below the density discontimity overlain by
less dense;, more normally saline wvater which was derived from <0 the
south. Mixing of the two water layers st their interface dilu lower
layer so as t0 prevent halite formation, dut at the same time
solubility of calcium sulfate in the mixturs at the interface
cipitation of gypsum.

The upper water layer is believed to have supported a flourishing micro-
scopic biota vhose remains descended into semisterils drine belovw vhere e
dueing conditicuns prevailed. This enviromment generated the bituminous gypsum
Tock, At times, microcrystalline calcium carbonate of protebls biochemdcal
origin formed in the upper layer and settled below to form limestons laminee
such as those of the lower pext of the Castile formsticom. \

Chexical analyses of Permian and present-day salt vers compared with
analyses of marine salt as old ss Cambrian age to datermine if evaporits de-
posits can contribute information on the geologic history of sea wvater. 7The
results contain uncertainties that cannot be fully resolved, but they sugzest
that ths rutio betwveen ions in sea water has been approximately constant sinoce
Precexbrien tize. In e2dditicn, the ebrupt initizl eppearznce of rock salt de-
posits in Cambhrian time suggests that the Precambrian ocean may have been rather
d{lute, but this apparent relationship alzo could have been caused by otiar foctaors.
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A correct appraisal of the origin of a series of sedimentary
rocks is aided by an sccurate knovledge of the conditions of depoeitiom
of analogous sediments forming today. In the case of relatively rere
rocks such as evaporite deposits, vhose present-day counterparts have
received little previous study, ccamperison vith recent sediments is
especially valuablse ’

The classic view has been that thick sequences of rock salt
were formed by the desiccation of ses water in creas separsted from
thcmbyl.mmﬁrrur. )b-t-odnnimestipﬁoahnnm
favored a marine origin for such deposits. The marine hypotheses
propose that a rock sequence is deposited vhich follows the sequence
orummamzmumrmmuurm;tummmmm
laboratory--namely, carbcnate minerals, then sulfste minerals, and
finally chloride minerals. This sequence may exist vertically upwvard
in the evaporite basin, end it may extend invard toward the basin from
ths sourcc of sea water. HWhere the horizontal sequence is present,
the relationship may be employed to compile a paleogeographic reccne
struction of conditicns st the time of dspositicm.

Inoﬁertocvdmutheumuo, and apply them if thay
mmmm&am-mmzuotmtnnmum
iavestigation. A locality on the west coast of Mexico wvas selscted
for the study of present-day deposition of evaporite minerals, and
Peruian evaporite formations of West Texas Basin vege chosen as
examples of typical evaporits rocks.



The Permisn deposits exhibit a complex interfingering
relationship between thin beds containing nonclastic carbonate
ainerals and thoss composed of halite and gypsum. Bedbeds imtere
finger with the evaporite rocks at the north edge of the basis,
mmmmbmuuucmm»mw
vith them nesr the top of the ssquence at the south edge. It vas
the plan of this investigatica to exsmine these formations,
especially their shore facies, and compare them vith the evaporite

' deposits forming today undsr knowa conditions.

Oving to the larger rols played dy chemical processes in the
formation of evaporite deposits than in most other sedimentary rocks,
special considerstion was given to the chemical characteristics of
the environments of deposition of ths salt deposits, both present-day
and Permian. The work on evaporite chemistry suggested that the
chemical composition of rock salt might be employed t0 reflsct the
memmwmctm. Muﬁqnnotouphl
otmrhroe.kuom-scﬂbﬂ.umwnowumwn
svaluation of the potential of this method in interpreting the geo-
logic history of sea water since Precambrian tine.

¥ield and Laboratory Work . .-

Field work in the West Texas Basin was done during six months
in the sunmer and winter of 1958-59. Special ezphasis was givea to
the study of outcropping equivalents of the salt-bearing formeticas

'vm&hn r=ceived scant attentica in the past. It was found that

distinctive beds can be traced and mapped st the suxrface evea in



units that have been reduced by leaching to & tenth their thickness
in the subsurface. Motmumé'un-m“&-m
meters thick commonly shov only slight tilting sod faulting end are
easily mapped, even though more than 300 meters of salt has deen dis-
solved from rocks underlying them. Beds 5 meters thick are usually
droken and discontinmucus but can commonly be trsced for great dis-
_tances. DBeds lens than 5 meters thick are breccisted and mixed,
but, if a formstion containing such beds has a distinctive oversll
lithology, the breccisted zone iteelf can be mapped cn the swrface
u'authalnd.s\,nu.
| Anmltorthcpnuab\brtutwbttbnmtmpotth‘
Salado formaticn of Permisn age. The Salsdo has long been recognised
mmmmmuusoomnma,mw'm.
had not been attempted before. | |

The study of pressnt-day evaporite sedimentation was undertsken
near Los Mochis, Sinaloa, on ths Pacific coast of central Mexioco.
‘Approximstely two weeks were spent cn this work during the rainmy
season in August 1957 and one week during ths dry season in May 1959,
' Information vas obtained on the physical end chemical charscteristics
of the enviromment and on facies relations betwveen ths clastic and
evagorite dsposits. |

The chemical aspects of salt and gypmm deposition wers investie
gated in laborstory experiments. The studies provided informetion om
. metastability of sulfate minerals formed from sea vater. Oypsum laid
down in natursl salt pans is also believed to form under nonequili-
brium conditicas. '

8



This izvestigaticn vas done under the directica of Professer
Jobm B. Sanders of Yals University. His cbservations im the fiald
and suggesticns ca interpretation have added mich to the results
given in this report. Professors Carl O. Dunber, M. L. Jensesm,
mmam.mzx.m.mmmwm.mqnh
University, have each contributed significantly to the developmest
mmaﬁmotthoucu given bere. The contribution of
Professor Turekian has been especially large, and the geochemical
Tesults were improved by stimlsting discussicns vith him,

The field work in the West Texas Basin vas aided by James D. Vine
and Foy L. Origgs of the U. 8. Geological Survey. I would like to
shank them for their help and for the benefit of mamy discussions.
Zh111p T. Hayes of the Geological Survey collsborsted with me ca
mo:mmxmmnumpmmmmm“m
Fermisn rocks of Nev Maxioo, |

Chemical analyses of vater ssmples were made im the Albuguere
que Laborstory, and of rock samples in the Washington Laborstory,
by staff members of the Geological Survey. Wmotmqua;
methods for the rock analyses was supexvised by P. B.M. '

mummammm:mmmmmuw
of the U. 8. Atomic Energy Comission. Charles B. Read was super-
umo:tumam.ummMuuudmw
in the study since its inception has far exceeded that required of
his official positicn. I wouid like to thank him for this, as well-
as for his many contributions to the scientific results. |
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A grant vas received from the Fermanent Science Jund of the
Amarican Academy of Arts and Scisnces to cover the cost of trevel
snd f1s12 expenses for part of the work in Mexico, '
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PRESEXT-DAY SEDIMENTS POTENTIALLY COMPARABLE 70
PERMIAN EVAPORITE ROCXS

Graban:(1922) bas presented a thorough review of salt deposits
and has considered the evidence from recent sediments that bears ca
the origin of fossil salt deposits. It 1s significsnt that ab the
time Grabwi’s monogreph was written, end even to the presemt day, most
studies of modern eveparite deposits have beea mede on the shores of
lakes or inland seas rxther than of the ocean. Noteworthy exceptions
are the recemt conmtridutions of Morris end Dickey (1957) on an ares in
m.mmmmuus;s)anumﬁamamm.

While much can be learned from studies of the deposits of inland
seas such as the classic ones ca the Gulf of Kare~-Bugss on the east
shore of the Caspian Sea, the deposits there differ in certain impore
tant respects from marine evaporite deposits. The water of the Caspisn
1s derived from the Volga River which, in common with other rivers, is

. rich in sulfate ion. The deposits at Kara-Bugas, therefore, comtain

abundant mirebilite (Zemkevich, 1957, p. 89%), & scdium sulfate mineral
mmmmmmmumu.

Other aspects of the chemistry and biota of the two envircments
also differ to mich an extent that sediments formed in lskes and inland
sess 40 not make particularly good models for the interpretstion of
dspositioral conditions of snciert marine dsposits. Therefore, an sres
where marine evaporite deposits are forming at the present tims was -

Marine evagorite dsposits are forming at several places ia the
muwwmuuimammrmmm-m. One



tmmmmlwmu}mwmb“m
in aress vhere belts of aridity, resulting from dovnvard moving iy
in the horse latitudes, cross coastal regicns. In Spanish-speaking
parts of the Jmericas, these flat-floored dspressions are callsd
salinas. The deposits of salt end gypsum that accumilsts in them &re .
the precursors of & type of eveporite rock, |

A typical salina, known locally as Aguri Salins, vas selected ia
Meotoruuﬂutiuiaorbrta@.tﬂtnﬁnaﬁthm
countsrparts in oldsr formations. The origin of the strstigraphis
relations, mineralogy, and chemical compositicn of this deposit en"
be dstemined directly becsuse ths processss are e\uml operating.
Similar aspects of lithified evaporite deposits therefore might also
be ascribed to the sems cmuses. |

m“mﬁnm‘w&mmm: mm
and May 1959. In 1957, during the rainy reason, the Salina wes mayped
by planetable and alidads, and vater samples vere collected for chemical
analysis. The sediments wers sampled vith & piston-type coring deviocs
similar to that u-mmn:ommmm(hs&). Scme of the
sediments vere not adspted to- sampling vith the coring device and
specimens of these vers taken fram test pits. A sveliminary report ca
the work in 1957 bas been given earlier (Noore sod Hayes, 1958)e

. In May 1959, ttthudottho‘mrdrymmﬁlthp-
ut@mmmnunﬂmnu,m-mumm -
the second exaninaticn, additional profiles vere made of the sediments
and further studies vers mals of the chemical snd physical character of
water from vhich the evaporits dsposits were being precipitated.

12



Setting of Pupuri Saline, Mexiop

Aguri Saline 18 ou the vest coast of the mainland of Mexice
Mmutumwamm(m.n.
1s at lat 25°%1' ¥., long 109°48" W. The salina is on the north shore
of Behia de Cimira and is sbout 15 kilometers south of Los Mochis in
the state of Binalos. The ares may de reached by road from Los Nochis .
or by boat from the fishing village of Topolobampo, which is about 15 -
kilomsters to thes southwest.

The salina is a kilcmeter in dismeter and is one of many such
ummmmmﬁnm-otuw«mmm. In
places, as at Yavaros 130 kilcmsters to the north, the salinas heve
been cultured and are important producers of salt for the regiom. 79
“be south, hovever, the rainfall increasés until ultimately the desert
Aves vay to rain forest. |

Ths area is on the coast of a fertils plain that extends to the
Qulf of California from the mountains camposed of volcanic and meta-
morphic rock on the east. It is underlain by interbeddsd flood plaim .
and marine sediments of late Cenozoic age. In places hills of andesite
of probable Oligocens age project through the sediments of the plainm
and interrupt the level topography. The village of Topolobampoits
built on the slopes of one of these andesits hills, ‘

mmumwwmumnvmmamm
mwummmmmrmm-xmaum
project oa the plain. Sediments from Rio Fuerte, 30 kilomsters north,
and from Rio Ginalos, 60 kilometers south, are actively but irregularly
prograding the coastline so as to lsave embaymants similar to Behis 4e

Chuirs and Pupuri Salina.
13
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Bahia de Chuirs 1is a shallow bay about 10 kilometers im dimmeter
vhich has sa outlet to the sea caly & kilomster wide. It contained
8,33 percent salt in August 1957 in contrast vith & normal of 5,43

mmnmmmmww.mmm
zsmmua(np,ems). CGa the west sids, behind the frouting
m,mowrbclortpium'unmxnuﬂmm‘
in the history of the salins. A tidal inlet in the middle that is
W@mumm-mni&pwmm
salina at high tide and drains the ares -t low tide (fig. b)., The
inlet, vhich 1s 10 meters vide st its mouth, is flanked by natural
lsvees about 20 meters vide standing half s meter sbove the gensxal
level of ths salina. Thess lavees are interrupted in placsa by tridue-
tary inlets which extend lsterslly from th main inlet. Most of the
muammm&umunbhnl,.totbwmqyotﬁn
Jurveying method used, mmmmmmmmrm.
mmuamumummam,mummnnn«m
area vhich is immistsd at high tide, a dorder land stands spproxie
mately 5 meters sbove the level of the saline. |

The aversge teaperature of the region is 24°C, ranging from 19°C
in Jenuary to 30°C in July. u.mmmmmmuz;m-
meters, most of which falls in the mummer and sstum #0 that the driest
mm.d-m.tmldho

The QuIf of California is characterized by irregular seidturmal
tidss. The maximm eannual tids rangs &t Pupuri Salina 1s 1.5 meters,

1s
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mmummwmmmw-m
grovth of marine gress on vhich live small turreted saails,
Cerithidsa mazatlanica Carpenter. A_nnotm,mchuM'
30 meters fram shore at high tids, fringes the ectt side of the
salina, mmenmmnsmunw,mtbmﬁxﬁ“'
betveen tha mangrove and the shore i¢ ths habitat of severel species
of birds, the most besutiful of which is the Rossats SBpoondill,
Mangrove also extends along the bazk of the tidal inlet, but the
trees become progressively nlhruntﬂl._t'th..uppwoa.latth
inlet they are less than a meter high (fig. 5). BSalicornia grows
mmcnnammmmmmme
'buch.-'suwra.l species of borroving crebs live smong the pnsumsto-
rhores of the mangrove Along the inlet end om higher ground,

The broad muc flat eppears to be vithout life, but the floors
of pools in gypsun near the .shore are covered vith small spherical
colontes of green algee several millimsters in dtsmeter. A typical
mrmuuﬂmnnn.hmmmtdthmw
barren parts of the salina. ‘It s characterized by cholls, pitays,
and other cacti, as well as by acacis. o
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Deposits .-

A major difference existed in the distribution of evaporite deposits
at Pupuri Balina during the rainy seascn in August 19557 snd &uring the
dqminwlm. During the rainy season, the evaporite dsposits
vere restricted to an ares neer the shore of the salina and consisted of
a parmenent layer of gypsum about 10 centimeters thick with vhich wes
associated same ephemeral halite crystals (f£ig. 6). During the dry
seascn, the principal part of the salina, thst between the permansnt
mwrmcmwnﬂmmtmm,mmw!.hm
of salt nmul_.ya’mtm thick (£ig. 7 and 8). A aiscontinucus
motmw.mmurmamammmmm&m
salina at the heads of tributary inlets. The detailed map and profile .
(ru.zmé)mmmmmmmgnmmmmm-
Sution of the permenent deposits, - |

Dark-gruy sandy r:d containing some plant remains is being laid dowmn
onthat.loorormudcm. Mledinatotthtbdmm‘bw
into material from the bar which is composed almost wholly of the shells
of snails smiliar to thoss living on the floor of the bey (fig. 10).

It is possible to observe the mechanism by vhich the bar is being built:
The vaves bring pleces of grass, to vhich living snails are clinging,
high onto the bar; here the snails dle in the hest of the sun; their
fleshy parts decay along vith the grass; and the shells are sdded to tim
groving sccumilstiom. h

Bmmu-tpiumndusmltbhroaémemuhotth.c
salina (£ig. 11). They show that the bar has occupied its present positich

-
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PMgare 10. Shells of Ccn‘r;hidea mzatlaniea cmu:
: which make up the berrier beech at Pupuri Salina.
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-uumummumunu,m'umumbmam
7rincipally composed of snail shelld. The bar deposit is TO centimeters
thick and interfingsrs abruptly vith browa mud in the salina sod gray
mud in the bey. The coquina and brown mud are both underlaia by gray

~ zud vhich evidently sntedates establistment of the salina.

The natural lavee deposit is coxposed of darxk yellowish dyowa
sandy mud. momm.-p-mm-mxmmnaumto:mmuv
of burrowing organisms. Ths pellets average sbout half a millimeter im
diznster. |

During the reiny seascn, the broed flet area between the gypsum
a@-xummmmwummnnmmnw@-m
md (£1g. 9). This mud is laminated; individual layers are sbout half &
a11lineter thick. In the morning, still mofst from the last high tids,
the mud flat is very difficult to traverse; by late efternccn, hoveves,
the f1st has becons hard and firm, end mud cracks a centimeter vide
aeparate polygons which are ebout 10 centimeters in dismeter,

mMuposueaonmmmtuimmamum._
méuwmmm‘mrmmammmm.‘
Torrential desert rains in August 1557 were seea to deposit thin films
of mud on the normally vhite gypsum deposits at the mergin of the salins.
After the pext high tide had covered the ares, however, the layer of mud .
hod disappesred from the gypsum and evidently had moved out cato the flat.
This seems to be the process by vhich the brown laninated mud of the mud
flat is laid dowm.. | . .

mmmo:mm,m@unw
hveraboutzoomrsudaandumehulIOcMumck. ‘The
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gypsum layer is missing in places vhere arroyos intersect the msrgim
of the salina. In these areas the material balance is prodably such thad
mmum&mwmwmmmumuuaum

The surface of the gypsum st the margin of the salina closely
Tesambles cave travertins and is divided into polygonal flat aress
about 2 meters in disnmeter vhich are separated from each other by ridges
10 centimeters high (fig. 12). These ridges are caxposed of the buckled
upturned edges of the gypsum layer. BSimilar compression ridges occur in
other marine evaporite dsposits (Morris and Dickey, 1557, P. 2469), and
they also characterize continental deposits such as those at Death Valley,
California (Gale, 1514, p. %a7). |

" Clarke and Teichert (15k6) have suggested that scmevhat smaller
vrinkles occurring in & selt lake in Western Australia may have formed
bythupauimotm.uaa. Mmdnno.tsmabundmm
in the gypsum &t Pupuri Selins to be the cause of the compression, though
a green algal discoloration approximately a millimeter thick occurs Just
belov the surface of the gypmm layer. '
Another possible mechanism that should be considered in explaining the
ridges is expansion due to the hydratiom of anhydrous or pertly Lydrous
minerals. Anhydrite (Ca50}) and bessanite (2CasO).E;0) might be expected.
to exart & force during their alterstion into gypeum (CaSOy.2H0), but
X-ray and optical studies hvomtm-h&'citherottbumn
the deposits. | |
bymtéhtbmsotmmmdmuiee-mml'onh
arctic regions (Washburn, 1956, p. 851), and this explanation also seems

27 -
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12. Ccmpressicn ridges on the surface of gypsum.
notebock case is 15 centimeters vide. :
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.< applicable to0 the present case. The following origin is here mantol_
for the ridges (fig. 13); (1), vhen the gypsum layer becomes werm 1t
expands, buckles upvard slightly, and crecks under tension at the sones
of curvature; (2), crystal growth heals these cracks, especially those
opening tovard the lover surface vhich is bathed in brine; (3) subsequant
cyclic expansion, healing, and contraction force the ridge higher until
its crest ruptures and the lower surfaces of its two isoclinal limbe
come into comntact.

The coefficient of linear thermal expansion of gypsum is - 4

24.10-6 oc-1 (Dane, 1942)L/. Assuming & polygon diemeter of 2 meters

L/ The coefficient 24:10~6 oC-1 13 derived from Danes's value of
. 0.58 percent for volumetric expansion when gypsum is raised from
20? ¢o 100°C. The linéar thermal expansion of gypsum ranges from
1.20-6 to 43-20-6 o€ aepending on orientatica vith respect to the
crystallographic axes. The crystals in the bed at Pupuri Salina’
cammonly have a preferred orientation in which the ¢ axis is
approximately 40° from the vertical. (The longest dimension snd
therefore the direction of most rapid growth is vert:!.cal,‘ mmw
because crowding of crystals defeated those not so favorably oriénud)
The average horizontal coefficient of thermal expsnsion for cryut-.h
in this positicn is 22-10-59C-1, approximately that used above.
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Figure l3.--Growth of compression ridges in gypsums
Ag thermal expansion causes buckling and fracturing;
B) contraction opens cracks which are then healed
by crystal growth; and (C) many repetitions of the
cycle produce ridges.
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limb of & ridge is 0.36 millineters. Therefore, the minimm age £oF
a ridge 10 centimeters high is 200 days. - '
The’ force of crystal growth has been evoied by Mortensea .
(1930, p. 467) to explain similar ridges in sodium chlcride layers
associated vith niter deposits in Chile. Morris and Dickey (1557,
p- 2469) have also applied it to warped layers of marine gypsum.
The force exerted by the growing crystals camot be separated in
the scheme presented sbove fram that csused by thermal expaasics,
for the formation of gypsum is known to0 cause rock fallure in mines
anduvesthsthcktmeratunuﬂatign;but, if this force 1s
mmgmwmitzscmxmuummwm
caused by the heat of the sun.
mmtmuotgpaﬁbetmthnmmw
‘n places by amall pools 10 or 20 centimeters in dimmeter vhich
caumonly extend entirely through the evaporite deposit (fig. 1A).
:beso pooismtinednthbm, and ‘botryoidal accretions of
&psum occur around the edges and on small islands in the pools.
The flat sress of gypsum are not camplately emooth; small
Mormusmmmmninm-mmum.
In places the weight of a step will cause water t0 be expelled from
thyn;hrpoohmmomﬂ-n;mst&m-'iuot'
thess mounds. Evidently during £lood tide, water moves under the
psum layer and issues frum tlpu orifices, vhich are pu‘htpchu
& millimeter in diemeter, and thereby builds the mounds. JFossilized

£
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mounds, alsc coantaining the orifices, mnmmﬁ
the gypsum.

At its margin towerd the tidal inlet, the gypeum layer is
underlain by and intertonguss vith a dsposit of black mud wvhieh
underlies the salt vhen it is presest in the dry seesca. This black

-

mid 1s sinfler to the brovn md except that it contains hydrous ircm
sulfide (probedbly hydrotroilite, reanngo)ux freguents of organie
materisl. The sulfide coloring agent is unstsbls, and specimens
taken fram the deposit lose their black color and become molerate
brown after seversl months of storage. The black mud also contains
ninute crystals of pyrite. Volkov and Ostroumov (1957) have descrided
smmapouuorwmmuumnuummum
Black Sea. _
The spherical colonies of green a:'Lgu, vhen diasected, show
the folloving internal characteristics: aa outer layer of nﬁn; algne,
mp..mnipnrm&-um:mw'-mmm
mmuwummww,mm-z;mumm
by black organic materisl which extends to the center of the sphere.
Atmhwm.mo:m-mmmmﬁmw
with sand vhich is derived by ercsicn from older deposits bordaring the

selina. The surface of the sand is covered by an efflorescent mixture

of gypeun and halite. _

At the time of the examination in August 1957, no comtimucus
iq-ro:-nteu-mmmu in the salina. Ia late afterncom,
hovever, floating hopper-shaped crystals of halite formed on the pools
(21g. 135); bymmummwmmMam@
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mthew.m-ofm. ¥With the coming of the next high tide,
however, the salt was 4dissolved asgain 80 that only gypsum remained as
a permenent deposit.

In May 1959 a crust of halite covered most of the ares of brown
md in the salina. The surfuce of the brine vas aproximately coin-
eidatnthth.ﬁpotthm. 'qnmuammmmam

" inhabitants wvorked inthe salina harvesting the salt for dcmestie use.

Pleces of the crust asbout 2 centimeters thick were carefully lifted by
hend to avoid edmixed mid and vere piled to drmin. lLater the salt
ves carried to shore and sacked. Hiththtec-tnsett&mw:@
seascn later in the summer, however, this hgiu h:ur is destroyed.
The trensitory nature of the salt deposits is significant because it
indicates that the sbsence of salt in some gypsum deposits maybe &ue
to its contemporsnecus resoluticn rather than to nondeposition.
vasmeotthowmrormmnapguumm
vard fram the halite deposit raises a gquestion ss to the cause of the
thick gypsun deposit. Athﬁcnstotmmwtuumzmu

a position that is in hamoxv'vith the relative solubility of gypswa

and halite implies that the thick deposit at the margin orltho saline
forms under special conditions. SBScme of the pools nearest the ‘share

‘in the gypsum never reach saturation with respect to sodiun chlorids

suggesting that there may be continuous flow of fresh ground water
to them from the shore. This water probebly contains calcium :.:.

.imunmrmtuwwmottmmmmupuumt&

salins. In Californis, @pem is Froduced cammercially by the mixing
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of lime vith bittern from artificial salt concentrating ponds (Ver Plank,
1958, p. 115), and the same process mey decur zaturally at Fupurd '
Salina to produce the mercinal gypeume '

A problem arises as to vhether this type of gypsum deposit
mumumwmnmummmu'
deposits. BSince the calcium ion is thought to be derived from solutica
of mollusk shells in older deposits around the margin of the salips, the
supply will end vhen the evaporite deposits beccme thicker. Buch gypsum
deposits, therefore, probably would not extend far into merine evaporite
deposits and would be associated with a redbed shore facies.

Older uplifted deposits of Pleistocene ags crop cut around the
argin of the salina. They are caxposed predcminantly of quarts
sandstone and siltstone containing corroded mollusk shells. A 2-meter
bed coantaining abundant clam shells is prominent on the slopes ayound
he salina, and it is separately mapped on figure 2. The ercded
jurface o these rocks forms the substratum over which the evaporits
dg‘pont; and sssociated sediments are being laid down at the margin
of the salina.

Chemical characteristics

On August 13, 1957, vater samples vere taken for analysis from
variocus environments in and near Pupuri Salina. High tide for the
day vas 11:39 e.m., and lov tide wvas at 4:56-p.m. All the saxples
-'i.nma:umven taken betveen 1:45 p.m. and 3:20 p.m., st & time
vauh-uurmmnwmmm A sazple vas -
also taken during flood tids at 9:00 s.m. in Bahia de Chuirs, 2 Xilo-
meters from diore. ' ‘ |
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The analyses of these wvater samples are given in- table 1. The
Muuormmn.m: thcmw;tumthotthtim
inlet; the upper end of the tidal inlet at the liait of the mangrove-
covered patural levee;: the edge of the thick gypeum deposit vhere
the wvater wvas saturated vith sodiua chloride; -u-i:»nmm
in the gypeum deposit which ves ot ssturated with sodium chicride.

The soluble icns of sodium, potassium, megoesium, borom, and
fluorine, tend to incresse slovly vith chlorine from the open bay
to the upper end of the tidal inlet and then to increase abruptly
vith respect to chlorine at the locality vhere sodium chloride is
being deposited. muﬁuﬂmee-mmmum-mth_
t14al inlet may reflect temporal rather than spatial differences
because the samples were collected over a period of seversal hours;
nevertheless, ths values for the samples at ths edge of ths gypsum
are the concentrations that exist during salt dapositicn at this
tims of the year, -

The p of the samples is compared an figure 16 vith the
concentrations of caleium, chlorids, a.ntbicarbomuinmm |
four -an:plu in which the salinity progressively incresses. Calcium
incresses uniformly tovard the shore vhile bicarbonate remains nsere
1y constant. Possibly bicarbonste is remcved from solution by algas,
or carbon dicxide might be driven off by high tempersture with
the remaining carbonate held in sclution by scids of other types,

. such as humic acids or acid formed from hydrogen sulfide. The lower

pn.cmoauo:tum-u(':.o)t&nmmpoolmmmm
(7.8) supports the concept that hydrogen sulfide may play & part

7
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@  vecsuse hydrous iron sulfide 1s abundant at the edge of the gypeum.
_ Inﬂml?thm«ntnt&motiiu.mum
are compared with chlorids in the same four samples considered im
figure 15. Ircm increases abruptly in the tidal inlet, dut this
- wwmmmmummemm-;m~
the tids was ebbing rapidly vhen these saxmples vere taken, and
silica shows a coordinate incresse. Of greater significance 4s
the low concentration of iron at the edge of the gypsume. n-nu‘
concentration is as lov there as in the open bay, even though the
vater bas been concentrated to a seventh its volume as indicated YWy
the chloride snalyses. Active dspositicn of ircn (rrobably se
ydrous sulfide) vas evidently taking place st the time of the
. n Yay 5-6, 1959, temperature measurements and electrometric messure-
=z=ents of pH and redox potential were made of brine from which halite was
2eing dgpouted.. The values were recorded every 3 hours during a 2lo-m
period (fig. 18). Temperature of the samples ranged from 16.5°C at 510
a.m. to 32.5°C at 2:30 p.m. In places wvhere the salt had completely
crusted over the surface of the bdrine 80 that evaporation was reduced,
bowvever, tagperatureuhighu”.o%msm
The vater was continucusly acidic, and at night cmein.}ym

Vo
5.
5
o

values of pH were recorded. The pH ranged from 6.3 at 2:30 a.m.

to 7.0 at 11:30 a.m. If the acidity were caused by carbonic acid,

this pi fluctuation would be compatible vith the depletion of carbom

dioxide during the day by photosyntbesis causing higher pX values

thenm;tmm. Butmormimmviubhinthcbﬁn.,;ﬂ
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;mwummmdmmdmmm
mumaboutmﬂmmdhnmmmmm
Which the salt was being deposited. The salt crust is underiain
by black mud eontaining hydrous iron sulfide which suggests thet
the acidity might be derived from hydrogen sulfide generated by
sulfate-reducing bacteris. The greater alkalinity of the drine
Auring the day then at night may have been csused by the inhibitica
of bacterial sctivity by sunlight or by increased evaporation'of
hydrogen culfide from the wamer weter. ' |
The redox potential’/ follows a curve similar to that of
she pH, being more cxidizing éuring the day snd more reducing
at night, except that the Ih curve lags the pi curve. Ih runged
fron 4+0.32 volts at 513 a.a. to +0.41 volts at .8330 Pele Again,
mmumumummui-wmmm
activity, becsuse more highly oxidiring conditicns during the day
(1arger positive values of Eh) could be correlsted with daytime
oxygen production by plants. But ths water in the contyol pood
Wmmswﬂsmﬂn&mmmvad

d"m&mscmmm-mmmwhw i
with each other becsuse the dsterninaticns all were made in
ms@wummtmmxmu. It 1s likely that
axygen contamination cccurred, m:,ammmumm
of Ih sre lover, '
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~@)acxet discernible plant 1ife; therefore, ss in the case of the acidity,
-.—-_changes in comcentration of hydrogen suifide formed by the reductiom of

sulfate icn by bacteria are believed to be the principal csuse of the R
fluctuation.

Reducing conditions existed in the black mud directly underlying
the salt cruste An Eh of -0.09 volts was measured in the mud at §:10 p.ms
and the pH of the mud vas 6.9. It has deen Xnown for many years thas
“lack mud is cxmmon in salt lakes (Derwin, 1339, p. 75), and Quaids
{(1958) bas shovn that the Eh values of mud in artificial salt cooe
centrating ponds may be as lovw as -0.42 volts.

The reducing envircament underlying areas of eveporite depositiom
~Tobably results largely rraa the prevention of water circulation by
18lt crystals. The high salinity also prevents same of the cxidaticm
' . sormally performed by bacteria. A specialirzed microscopic dbiota flourishes

‘n enviromments of evaporite deposition (Peircs, .1911&) » but evidently

~hose forms are lacking that might cause complets decay of organie

:nsurin:l with possible concomitant establishment of oxidizing conditiona.

Tossils of bacteria are camwon in salt deposits (Miller and Schwarts,

1955), bdbut the acidity associated with such areas n' sufficient to

result in near absence of megafossils, even though floating species

probably were trapped and killed vhen carried by currents into areas of
salt deposition, _ | |

‘ Facies relations.--The principtl mporita deposit fmﬁs during

meum.tmmsmmu;cmt of halite m&Wmt

of the area of the salina. Thelalite imterfingers towrd the source of
sea wvoter with a very thin layer of gypsum arcund the heads of inlests
@ tritutary to the main tidel inlet vhich supplies vater to the saliza.

LY



@ mammummmr;@mmm

T he mergin of the salina, thought to have Deea precipitated dy resctios
betwesa brine and calcium-bearing ground water from the shore, is the
oaly permanent svaporite deposis.

mmmmmmm‘mm9w '

interfingering relations between the permenent deposits. The sediments
m-mammm&mu&mzma@u
doponits and brown mud on gray clay of the open bay, probedly at a time
when the bar first isclated the salina. An initial period of unifomm
deposition was succeeded by more rapid sublmergence vhich is recorded
wwanwmm'ummnmum«mm A
zaximm of 7 centimeters of gypsunm has formed since the rapid sud-
nergence began. m:muwunmuwsm

cauges (Marmer, 1949). No sbsolute information is availsble to check
the re=te of gypsur depoaition at Pupuri Balizma, but it mey de instruge
ive to compare it with lsminated gypsum rock in the Castile formatica

of the West Texas Basin in which the laminae mzuee3nin1neﬁn thick.
Semmtimtenormmmammﬂdann‘malmm#

2.6 nillineters. This evidence therefore supports Udden's (192h)
suggestion that the lxxinas of the Castile are enmal deposits.
Differential subsidence 1s occurring in the erea of .the sslina.
mmummwmmmm, muuupmum
'mmwamwthm mupo:mimm
cummd&ngmunu,.tho\mhimw, umthtotbnorﬂ:,
indicated by the cutcyp pattern of the shell bed mapped om figuve 2.

ks

Auknmnuammmmhnmmn indicated by tide



@ s north a1p may have been responsible for shoaling of the bay to
the south which resulted in the origin of the bar and henoce of the
salins,

4 The evaporite sediments at Pupuri Salina have many aspects

. ﬁmv&thmwﬂhmchuuchuthouothu&umnm
Nexico and Texas t0 be considered in more detall on the following
seges. For exsuple, mmemhacmuwam
that interfinger with the Permian -'mpom.e units. The botryoidal
surface of the gypsum in the salina can be compered vith similar
structures in anhydrite-dolamite rock in the Magenta member; expansion
crwcks in the gypsua may be analogous to "tepee” structures in the .
Zansill formation; and fossilifercus dolomite interfingaring vd.th
2alite and anhydrite in the Rustler formation are matched by the -

. soquina barrier beach associated with evaporite deposits at Fupuri
Wt differences also exist between the déyositl in Pupurt -

Salina and those in the Permian formations. In this regard, the

fact that halite is not accumlating in permanent deposits at Pupuri

Salina should be considered. It is thought that a small change in

the balance between salt deposition during the 4dry season and salt

umzmmmwt-emmaumeuamwanmﬂu

of salt. mwmmiamvuaun, thwocum .

ob.madntmmsmmbeuowdtobommtomu

that would operate if permancnt depositicn of -dt'mooem

Deposition of salt is analogous to the accumilation of glacial ioes’

the process of deposition (sunowfall) is the sane whethar, uu- '

%



@ total aspect, the glacter 1s groving or wening. .
A-wmwemmmm-ummrcmu;
posits is the relatively thick shorewvard deposit of gypsum epd the near
adbsenoce of gypsua tovard the sea Wipre facies relatiocns of the Fermian
fornations susgest the principel gypeum deposition occurred. The Permian
counterparts of the shorevard gypsum deposits are believed to lie far
%o the north of the Permian rocks studied in detail, vhere the evaporite
deposits interfinger with redbeds. The absence of important mnrd.
deposits of gypsum suggests that the thick Permian gypesum beds are not
a product of a tide-flat emvircmment such ss exists st Pupuri Salina.
It will be suggested in & later chapter that the Permian halite roek
vas formed in shallow vater mich like that st Pupuri Selina, but thet
the interfingering beds of gypeum rock toward the. sea were formed vhere
) the vater was samevhat deeper and was characterized by density strati-
. | A
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The area of thls phase of the imvestigstica is cemtered spproximately
around the city of Carlsbad near the southeastern corner of Nev Mexies
(£ig. 19)s The mapped sres extends along the Texas-New Maxico boundary,.
snd is spproximately A5 wide and 75 kilometers lomg. Surface sections
mwm-mnonnutmmmwmu‘m
Apache Mountains, Texas. |

The Pecos River flovs southvard along the east side Gf the ares,

m&m«mm-:-ammwzummm«. - After 18

leaves the mres, the Pecos flovs southeastvard to its junctiom with the

210 Grandes, 600 kilometers from the Gulf of Mexico. The stresms to the

m“mmmmhmmw&nmulm

characterised by interior drainage. , '
@ his part of Nev Nexico and Texas is classified as semi-arid; snd,
as is characteristic of such regicns, the precipitation is varisbls
i‘rymto:ur. mmmuwummm@nmm
ranged fram as little as 10 centimeters to as mch a8 150 centimeters a
year., The cause of this vide varistion is the lack of regularity in
frequency of mummer thunderstorms. )bnotthomeiyimuﬁmh
nmutmmmmmqaw,mma
peroent occurs in the six-momth period dDetwveen Hoveader and April.
m.tmhmn&ﬂm&wrmruseo-bmcmﬁc'et
7°C and a July meen of 26°C, , )

Yegetation on the plains consists of short grass, narroveleafed
yuces, mesquite, gressewood, and several species of acacia. The foothills
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scattered juniper and madrono trees. Jorest trees live on the mountains.
Nonindigenous tamarisk, iztroduced from the Middle Zast, grovs in demee

U. S highvays 62 snd 265 pass dlagonally through the ares trending,
respectively, northeast and northwest. Thay intersect at Carlsded, A
seccudary net of paved state highvays and graded oounty roads extends
1nto most of the townships, Dut scme areas are accessidls only in &
vehicle vith fourvhesl drive or oa horsebacks

Seologlo setting

Tocks of Permisn age underlie s broed ares thet extends from
~orth Dakota 1mto Mexico cm the vest side of the Great Plains. These
socks thicken somevhat irregularly tovard the West Texas Basin of
ev Hexico snd Texas, and they attain their maximm thickzess of 4300
mmmmmm,.mammm(m)
Basin, This ares coutains cue of the moet nearly complete sequences of
Tocks of Permian age in the world, and the rocks are richly fossiliferous
except in the uppermost part. In northecentrsl Texas the Permisn
strzta are separstet from rocks of Upper Pemnsylvanian age by an cbscure
basal disconformity (Moore, 1549). In West Texas and Nevw Mexioco, the
Peraian rocks grade wpvard vith conformity into rocks of prcbable lover
‘Triassis age (see stratigraphy). o ’

The Delavare Basin is sbout 250 kilometers long snd 150 kilometers
vide. Tt is separsted from the similar Midland Basin to the northesst Wy
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the Central Basin Platform which 1s approximstely 80 kilossters vids
(£1g. 19)e In the Midland Basin the Permisn rooks are sbous 3000 |
meters thick. They are only 2100 meters thick on the Central Basinm
Platform and on the shelf areas outside the margins of the tve desins,
In addition to their differences in thickness, the Fermisn provinces
ere characterized by differences in lithology. During most of Fermiss
time, ssndstone and shals vere dsposited in the basins, vhile the
Central Basin Platform snd the shelf areas chiefly received carbonate
sediments vith some intercalsted evaporite deposits. Tovard the end
of the Permisn period, however, conditions favering evsporite deposition

invaded first the Midland Basin and the Centrsl Basin Platform, snd

finally occupied all the provinces in an area 400 kilometers ia
aimeter, A _ .
™is study is especially eoncerned with these lste Permian evaporits
deposits and the carbonate and silicate-bearing clastic rocks associsted
vith them, _ . |
The arca exomined in this investigation extends across the
northern siorgin of the Delawerw Basin (fig. 20). 'na Permien rocks

thicken here vhere they cross into the basin from the shelf vhich lies

to the north. After the end of dcpositicn of rocks Of Fermisn ‘ags,
the regicn vas tilted several timesjthe dip 1s nov spproxizately 13
t0 the esst. The principel tilting probably occurred in Pleistocens
time decsuse rocks of late Cenozoic age 4dip nearly as much as those

of Permisn age. bsnmltxmsup.mmmdgh

Mmmmmmwmmﬁumnua,
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mm,mchmmm. The oldest
xvcbatthommuth.mtou;dmquﬂa
yougest, on the eeste | |

The sedimentary rocks of the region range in age from middle |
Permisn t0 Pleistocens(?). Those of Permian age locally contain aarine
evaporite deposits; elsevhers they coutain fossils suggesting depositiom
in a shallov sea of normal salinity. The marine envirovmment of Fermiam
time vas succeeded in the Triassic by terrestrial conditions danocted
by redbeds containing the remains of land snimals, Subsequently, during
Cretaceous tine, the presence of anothe marine fauna shows that the
mmwmumm Almmtnthnneunllt
me-mmmmmudm
Cencsoic age. The Cenozolc formatiocns exhibit cross-stratification thal
sugpests twvm formed under fluv!.stih conditions, and tuffacecus
mmumamymmmmwcmunydumm-m
seriod of sedimentatiom, |

‘mmqrdmsummmumbyammmn
periods of erosion vhich are marked dy three unconformities: one st
the base of rocks of Upper Trizssic sge, cue st the base of rocks of
lower Cretacecus age, and one st the base of rocks of Pleistocene(t) age.
muhmummmumzummm
eqniulmttotha. In oxder to place thess formations in their setting,
mr,mmmmcmmam«mmm
autut.h-uu. '
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During Pernian time in this region, rocks characteristis of several

different enviroments vere deing Geposited simultanecusly. Three
Povinces can de recognised according to their position vith respest
tnbolﬁﬁohstm the shelf provinee (imcluding the Central Basia
Platfors), the basin-margin provinos, and the basin provincs. The
provinces are named on the dasis of the relstive thickness of the rocks
ocoupying them, and the nsmes are not intendsd necessarily te indicate
topographie or bathymetyrie conditions mnm;mmmm
{S1oss and others, 1949, p. 100). The rates of subsidence snd
sedimentation were relatively rupid in the basin, relatively slov on the
shelf, and intermediate at the basine-margin. A4s & secondary result of
shese differences, the formations of each province also have charssteristis

. iithologies. '

Torastions of the sbelf provinee

The Fernian formaticns of the shelf consist principally of carbonate
rocks and eveporite deposits. The 0ldest is the San Andres formationa,
vhigh 1g overlain Dy the Crayburg and Queen formsgtions, vhich in turm
are overlain by the formations of the Carlsbad group. Abdove the-
Carlshad group are the Salsdo arnd Rustler romtiéna vkich are not
confined to the shelf dut extend across each of the provinces. The roaks’
af the Carlsbed group end Salado and Rustler formations crop out in the
nap area and vill de considered {3 more detall heve.
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Carlsbsd group.--The Carlsbed group includes, in sscending orders
tha Seven Rivers formatiom, the Yates tox:nuen, and the rmm forme-
tion. Shelfwvard each passes laterally first into evaporite depoeits.
endthen into redbeds. The formations of the Carlsbted group are not
separately sapped on figure 20, ' _

The Seven Rivers formation (Meinzer snd othérs, 1526) is approxi-
mately 210 meters thick. khere it grades into the Capitan limestone-
at the margin of the tesin, it consists of thick-bedded yellovish-gray
lpestone. Shelfward the formation is colitic end, farther shelfvard,
nisolitic; likewise, the limestone gredes into dolomite rock. A few
thin beds of quartz sandstone. and siltstooe are preuntmuchm.

Approximately 23 kilometers from the margin of the besin in the
subsurface, the &olaaite rock of theVSeven Rivers fornation passes into
anhydrite rock vhich, still farther shelfward, grades into halite rock.
Jolcmite in other formaticas cm the shelf similarly interfingers vith
ypsun and hau;ta, and as progressively younger formaticns were 1atd
dovn the envircnment favoring evaporite deposition encrosched succese
sively nearer to the margin of the basin (fig. 15e). mmthc
formations that are confined to the shelf and the distances at vhich
thecarbonate rocks of each unit pess into evaporite deposits (chiefly
after Sheldon, 1954); the youngest formation 1s at the topt |
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Distance of csxdonste-evaporits

Zormation transition porthvest from Carlsded
(xilometers)

Tansill S

Yates s

Seven Rivers 2

Qioen 29

Grayburg 33 )
San Andres 9%

Tough the belts of dolomite rock in each formetion are DarTov,
they extend foy nmdreds of kilometers parallel with tte margin of the
Sasin, mmmmnmt,mmumzuw,im
redbeds, and a 3imilar relationship exists detween the location of this
cransition in esch formation snd the stretigrephic position of the
Zormaticn, ‘

The dolomite rock in the Seven Rivers formation grades into gypeum
mam;nmm»mammmmwm(wpm .
individual beds of dolaxite Yock thin and become seperated by vedge-shaped
beds of gypmum, 80 that, within 2 kilomsters, a thick sequence of
olcmite rock has passed into s sequence almost vholly corposed of gypeum
rock; dolamite remains cnly in widely-spaced lzyers a fev centimeters
thick. A vedge of limestons breceis lies at the tip of each tongue of
gyysua, and the transition from gypsum rock to limestone is abrupt.

The vedges of limestone in the Seven Rivers formation comtirue & shord
m«mwmumwmmmmﬁqmm.
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" The Yates formation (Gester and Eavlay, 1929) conformedly overlies
the Seven Rivers formsticn and is approxizately 100 meters thick, I
the Cuadalupe Mountains it is composed of pisclitic yellowishegray * - ' '°*°*':
limestone and dolomite rock and grayish-orange very fine grained quarts
sandstone. The quarts sand-dearing deds in this and the other shelf
rmmmpuwnwmmmum
evsporite focies to the north »6 correlations msy de mada betvesn the

Near vhere the Yates formation grades into the Cspitan limestons to
thm,mm“umuudbrtmm(anl
Frenzel, 1950, p. 308). This structure consists of temt-shsped
irregularitics of the beds in zones about 2 meters thick. Generally,
the structures are sbout 4 meters vide vith a sharp apex, and individual
bd:inthazmmhmkandqaanrtimm. Zach tepee
sffects many 20-centimeter beds of pisolitic dolomite rock, and open

' spaces created by the varping are filled with travertine-like material.

Hevell and others (1953, p. 129) have sugzested that ths structures

. were formed by the expansion of anhydrite or other salts along joints

and bedding planes. Auother possibility is that the distortiom vas
czused by dally thermal erpansicn and contraction of the thin beds
during their depoaition in skallor vater. The cracks that formed during
contraction were £illed 30 that latsr expansion caused Buckling,

The Ystes formaticn is not richly fossilifercus, but locally
fossils are present in certain deds. The most adundant types are

'M&smﬁ&md@o,dmmwmuvm
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meclel of pisolites. Near the top of the mm, caleite sandstone
(salearentte), containing scme lxyers largely ocmposed of the tests
of fusulines, interfingers vith massive rock of the Capitan limestone.
T part Of the Yates formsticn 1is believsd to represent a Permisa

umu-mammmwumumumum

particles of carbonate detritus.

The top Of the Yates formation is placed, by comventiom, st the
top of the uppermost relatively thick bed of quarts sandstone in the
aiddle part of the Carlebad grow. a

The Tansill formation (DeFord, 1939) eoutonmb]q overlies the
Tates formation snd {s spproximately 100 meters thick. In the Cusdalupe
Yountains the Tansill consiats mostly of grayish-orange to yellowish-gray
dolomite rock, It coutains a fev pisolites, but they are much less
®wndant than in the Yates formation. Fossils are also especially
TAre 1o the Tensill, and the caly types achieving local importance
tre those of algae.

hhtheeuooteceho:ﬁtomsﬁmmthnh&t}th
¥izcipal mineral of the carbonate facies of the Tansill formatiom
TMes from dolomite to calcite near the transition into the Capitan -
Usestone. In the present investigation, the contact betveen the
Qrlsbed group and Capitan has been placed at the point vhere easily

k.““‘mh bedding disappears snd the rock becomes massive,

n‘hﬂiummfuie-ctthgmmmzonm
"“'*thmormmmmmtmmirw
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in the older formations. The carbanate belt of the Tansill is enly
S kilometers vide end consists of caleite sandstone neer the gradatiem
of the formation into the Capitan limestone. Elsevhere the carbonate
belt 1 oceposed of dolomite rock believed to have been formed from
sarbonate minerals that vere precipitated Ly chemical or ergsnie
processes. The narrov belt of dolomite rock and the pausity of fossils
1n the Tansill mey have resulted from the fact that the salinity of
vater supplied to the Tansill lagoon ves grester than that of normal

. sen vater, _

The comtact betveen the Tansill formation and the overlying Salade
formation is poorly exposed in outerop, but it has deen penstrated by
many dril1 holes prospecting for potassium minerals sd petroleum. On
mbuuummmamuwmun-m.m,'

@ Jones (1954, p. 110) has comcluded that the Salado rests o the
Tansil] with conformity. The Salado formation also extends acroes the
basin margin to the Delaware Basin vhere it overlies the Castile formstiom.

?omumofmbum-mm

m.harpuetmieﬂextm:tth'nuguottMMMh.
mmmuumutma:mgmﬂtmunruamnm
formation of stratigrephic units distinct from those on the shelf or in
the basin, The Capitan limestone is the representative of the dasine
Wrgin province in the asp ares. | )

_ Capitan limestone.-The Capitsn limestone (Richardsen, 190%) is the
wmuouottho&mmurlu. nmimetuuzﬁ.
13¢5t olive-gray limestone approximately 550 meters thick. Mich of the
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formation 1s s breccia consisting of a limestone mstrix ecataining
blocks Of limestone and dolomite rock; the fragments aversge 10
centineters in dlsmeter vith some wp to 10 meters long. A few blocks
dwﬁﬁ-mmmemmhtb

. formation. In plsces the thicker blocks of dolomite rock snd quarts
mmmanmmwammnum
parallelisn to cne snother. Both the dolamite snd sandstons blooks are
angular and sppesr to have been lithified before they vere breccisted.
| The matrix of the Capitsn cousists of very fine-grained 1imestone
vith irregular areas of somevhet larger caleite crystals. The finee
m&mdmu&m&ewmmﬂhﬂwtiﬂnﬁﬁm
lacking in the coerser crystals. Many specimens contain fragments that
include pisolites, fossils, or quarts-sand grains, snd very fine grained
quarts sard camxmly fills irvegular cavities in the rock.

At intervals the formsticn includes beds of fossiliferous limestone
containing brachiopods, fusulines, nmitiloids, erinoids, and bryosce.
MWQMWMdeucMhm,
and they generally lack the brecciation exhibited by the remainder of
the formation. .

The relative age of the Capitan limestcne and Castils formaticm im
the besin vas & subject of some controversy from the time the formsticns
vere first described bty Richardason in 1904, - Richardsom (1904, p. 43)
ves uot sble to satisfy himself completely om the relsticns between the
tvo mmits, but he tended to favor the concept that the Castile had beem
1a14 dovn on the truncated edge of an older Capitan limestons, The
Opinton of moat geologists at present {s that the Capitan limestone is &
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former barrier reef (Lloyd, 1929; King, 1948; Newell and others,
1953), and that the Castils formatiom is slightly younger and was
laid dovn sdjacent to it. In order to explain the fact thatitme
Salado formation directly overlies both the Castile and the Tansill
formation vhich wvas knovn to be tiuns-equivalent vwith the Capitaa,
Newell and others (1953, p. 15) postulsted a hiatus to exist betweea
the Balado and Tansill t0 sccount for the time required for deposition
of the Castile formatiom. ,

The Capitan limestone is equivalent in the basin to the uppermost
formaticn of the Delsvare Mountain group, the Bell Canyon formatics
(King, 1948). On the shelf it 1s equivalent to the formations of the
Carlsbad group. The Capitan is also overlain by the Carlsbad group
because the younger formations of the group occupy positions proe
gressively nearer to the basin 50 as to overlap the Capitan.
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The basin province is predominantly characterized by very fine-
grained mm clastic rock, dark-colored clastic limestons,
and evaporite deposits. In the map area these lithologles are found
in the Delavare Mountain group and the overlying Castile formatiom.
The evaporite deposits of the Castile formation foreshsdow the time .
during deposition of the overlying Salsdo formation when virtually
- no lithologic nor tectonic distinction existed between the basim,
= basin-margin, and shelf provinocss. .
| Delavare group.--The Delsmvare Mountain group (Richardson,
1904) occupies the Delsware Basin and is composed of & thick sequenoce
of fine-grained quarts sandstone and siltstone which contains several
thin but persistent beds of dark-grey limestone. The silicate-bearing
’ clastic rocks in the group range in color from greenish gray to yellovish
brown. The group is approximately 1200 meters thick (Ahling and others,
1958) ‘and has been divided into three formations which are, in ascending

s M Hig ‘1 11 DR ‘

order: Brushy Canyon formation, Cherry Camyon formaticm, and Bell
Canyon formation. (These formaticns are not separately mapped ca
- figure 20), ' | |
Cross-stratification and ripple marks are common throughout the
basin in very fine-grained sandstons of the Delswvare Mountain groups
Lezticular sets of cross-strata aversging 10 meters wide and 50 centi-
Wetars thick occur within 15 meters of the top of the group. The vave
langths of ripple marks near the top of the group are approximately
15 centimers; and the smplitudes are spproximately one centimster,
The widespread Lamar limestons member, vhich is spproximataly
1"‘0rth1ckmtn.bum, liasaboutl.Onnécrsbtlmthntop'ottb.
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Bell Canyon formation. mmum\nm—aﬂxum
mﬁmsmma,mw-mw
layers of medium light-gray chert. In the basin it is comgposed of
calcite mudstone (calcilutite), but at the basin margin it consists
of calcite sandstooe and is lighter coloreds

mmmpwmnmmrmab:mﬂmm
quarts sandstone in beds 1 centimetsr thick. A laminated grayish- |
trown limestons bed 1 meter thick marks the top of the Delsware Moun-
tain group (figs. 21 and 22), The lzminss of this limestons are
1/2-1 millizster thick, When broken, the limestone emits 8 strong
petroliferous odor. It 13 underlain by platy quarts ssndstons end
18 conformably, but sbruptly, overlain by rhythd.edly. layered gypsum
rock of the Castile formation containing limestone laminas.

At the basin margin, the rocks between the Lamar limestons member
mmwormmmmmmmmmmum.
and the quartz sandstone underlying the Lemar similarly grades imto
limestons s0 that the Lamar limsstons member sttains a thickness of
mmnummuo:'mmamm@mnu
passes laterally izto the Capitan limestone. Lover limestone beds in
mmmmmnnmmmmrnmmotu
basta. ‘ -

The Delsware Hountain group is laterally equivalent at the basin
margin to the Capitan limestone and underlying rocks. It is equivalsnt

' on the shelf to the San Andres formation, the Grayburg formation, the

Queen formation, snd the Carlsbad groxpe
Cestile formation.--The Castile formatiom, vhich directly overlies

the Delavars Mountain group, was originally descrited bty Richardson (150%)
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Figure 22.--Contact between gypmm rock of the
Castile formaticn and the upper grayish-browa
limestone bed of the Delaware Mountain group
near the Pasotex Pipeline road, Texas. Below
the limestone bed, which is 1 meter thick, is
very fine grained sandstons.




and included both the Castils and Salado formations of this report.

In 1935, lang restricted the Castile in the subsurface to the lower

predominately enhydrite-bearing part of the sequence and called

the upper predcminately halite-bearing part, the Salado. This usege
is here spplied to the cutcrop area of the formations.

In the subsurfece the Castile formation is about 600 meters
thick in the northern part of the basin and contains several thick
vads of halite rock (£ig. 25). Tovard the southern end of the basin,
the lover halite beds pinch cut, and the Castile formaticn beccmes
thicker st the expense of the cverlying Salado formation. In the
vicinity of the Apache Mountains, the Castils camprises 700 meters of
anhydrite rock,

In outerop in the vicinity of the Texas-Rew M:xico state line,
the formation consists of & basal membei of laminated gypsus rock
mmutersthickmﬁuppermberotwuﬁmmmckm
100 meters thick. In the southern part of the basin near the Apache
Nountains, ths laminated member is about ths seme thickness but the
Rassive member has thickened to 300 meters. At,v;riousylaees,mm
breccia marks the positions of leacked salt deds.

The limestone leminse which cheracterize the lower part of the
eutueromtionmthcnehvuemm.rewl:abaentmmu
the Capitan limestons belt (Eayes, 1957, end personal commmication).
Closely spaced wells show that several kilometers from the Capitan
they are confined to the basal part of the lovest anhydrite bed snd
to the naxt higher bed. semrwmcammmuom.mcunu
18 entirely composed of massive snhydrite rock.

(92
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The basal member in ocutcrop normally consists of alternsting

layers of vhite gypsun and olive-gray limestone, with an average of
three alternations per centimeter (figs. 24 and 25). The thickness
of the limestone laminse is approximately half that of the gypmm
laminse and decresses upwvard; nevertheless, the basal contact of
the formation with limestone of the Delawvare Mountain group is
abrupt. Udden (192%) has suggested that each couplet in the Anhydrite
rock ia the deposit of a aingle year, a supposition that seems .
reasonabls.
The rock contains small "ripples” with wave lengths of a
centinete;' or two superimposed on larger folds with vave lengths of
about a meter (fig. 26). Both arc a result of expansion during the
alteration of anhydrite to gypsum in the zone of wsthsriné.
The rock enita s petrolifercus odor wvhen broken. Especially
petroliferous zones several meters in diameter are common in places
in the member. These are characterized by gypsum crystals 5 cemti-
meters long vhich formed by recrystallization. Locally, gypsua
crystals more than 2 meters long occur in similar recrystallized
rones along faults. '
The brecciated members of the Castile formation which m.x:k salt
beds cansist of blocks of vhite gypsum rock in & matrix of dusky-
Yellov silt with gypsum cement. This material is very easily eroded
and good exposures are rare.
. The upper nonlaminated member of the Castile is camposed of
Dassive vhite alabastrine gypsum vhose composition is so uniform that
bedding 1s invisible. It cammonly contains expansion cracks making
Polygons 5 centimter; in diameter; in places, medium dark-gray stains
extend dendritically cutward from these cracks.
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Figure 24,--Laminated gypsum rock and limestons near
the base of the Castils formation, near the Pasotsx

Pipeline road, Texas.
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Fizure 25.--Thin section of laminated anhydrite rock
and dark bituminous limestones of the Castile formatiocm,
from & drill hole in sec. 15, T, %80’ 8.25!., New
Mexico. Folarizers parallel X8,
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Figure 26.--Laminated gypsum rock of the Castils formation
on U. 8. Highway 62, & kilometers portheast of state v

lins., A bed of laminated limestons cIops out neer the
top of the roadcut. )



The sulfats minerals of ths Castile formation have been altered
to calcite in isolated sreas that are as large as a ‘square kilomster
(?1g. 27). These limestone masses are much more resistant to erosiom
than the mem. They stand as buttes vhich
have been called “castiles" by Adsms (1944, p. 1606) in reference both
to the name of the host formation and to their supposed resemblance to
castles.

The limestone bodies occur along faults that cut the Castile
formaticn and the underlying Delasware Mountain group; most are located
on northeast-trending faults. One "Castile” (fig. 28) 52 kilomsters
vest of Crls, Texas, though nesr en important fault that trends morthe
east, is specifically ldcnuze'd. by a minor north-trending fault th:t
displaces the underlying Lamar limestone member only JO centimaters.
Also, 15 kilometers socuth of Pine Spring, Texas, alteration is related.
wfmtlatmwsmotﬁommmmmmm&w
northwest. _

The mechanism of the ulteration is best studied in places vhere
the lower laminated member of the Castile formation is affected becsuse
mmuMammmwMMMncmm;
Tecord of the course of alteration (fig. 29). Near the margin of an
altered zone, the rock 1s slightly brecclated ond the limestone luiinae
are somewhat more closely spaced thea in normal gypsm rock. (r1g. 30);
wmtﬂ- zone, the vhitas mmlﬂmmmuo\?smz and,
farther invard, the rock becomes a light olive-gray limestons that
lacks lamination and is massive, |

mmotmnofm&mﬁ”cmha' 1.lltw
controlled by joints. Limestone which still faintly exhibits the

a9
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Pis=re 27.--Aerial view of a limestons hill im- -
tts Castile formation 47 kilometers west of
¢cla, Texas, vhich was formed by replacemsnt
¢ exbydrite rock., The hill is 50 meters
tizh and is separated from a similar hill on .
tte scyline by typical exposures of unreplaced
T8a rock. : .
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Figure z8.--Massive lLo=stone at tx ‘384 of the -
Costile formation c=xiying quarts :andstons of
the Bell Canyon form=:om 52 kilc=-2rs west of
Orla, Texas. The l:=stone, vhix a8 formed
by replacement of e=ririts rock w-ug & fault,
13 12 meters thick = lies 8 metzs sbove the

. Lemar limestone mesie, here 1 me=xr thick. The
Lemar forms s emall iench vhose =<ils appears
in the upper left ;= of the pho=srsph at the
smlevelviththc::dgevhich:::lm _ .
distant skylins. ‘




Tigure 29.--Limestone in & “castila” 52 kilometers
wvest of Orla, Texas. Rock to laft retains lominae
and has expansion cracks; rock et righttop is
massive. :
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Figure 30.--Thin section of partly rsplneodanhqdrito
rock of the lower member of the Castils forastion
from & "costile” 52 kilcmeters west of Qrla, '.l'ms.
Most of tha crystals betwveen the breccisatsd dark
limestone lsminas are calcite. FPolarizers parallsl,

Ih,
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onsin.l»lmiuueu of ths Castile cammonly occurs on one side of &

Joint end massive limestons lies on the other. Meny 'mtm." are neer
the base of the Castile formstion, but scme Occur at Other stratigraphis
positions. An accessible example inm the upper nonlsminated member of the

Castile (fig. 31) 1s on U. 8. Highway €2 cn the north side of & fault in

sec. 12, T. 26 8., R, 24 B. No fossils have been found in the “castiles.”

Mnmmmmnmmu@amwm
formeation has prominent expansion cneh.m outerop. This suggests that
the replacement took plsce below the zons of weathering and that anhydrite
rock, rather than gypsum rock, vas altered to limestone. Minor amounts
orwuwﬂuwnmmwwmwmﬁm
the cracks &uring the present cycls of ercefon. |

Sulfur is associated with the limestone in these buttes and during .
World Wer IT come was mined in the ares. In sec. 11, T. 26 a.,.x. 2\ X,
BﬂmicbeingdcponitedctthcﬁnmttmtmacOMamm
to the surface along a fault that nearby has localized a large area of -
wm.mmmcmm..&mmmmmmmmn
holas in the shelf sediments of the Carlsbad group. One suchk occurrence
is in the National Farmers Union 4Arill hole no. 1-A in the RELNEL sec. 13,
?. 208, R, 265 |

Formations present in all three proviaces

8y the m&Mtimotmww formation, localized dowme
rpiag {n the Delavare Basin had virtually ceased. The subsequent for-
Mtions cross the margin of the basin and are present in the shelf, besin-
Brgin, and besin provinces. ‘ ‘ |

“ .
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Figure 3l.--Thin section of limestone formed Ly replace- -
. ment of anbydrite rock of the upper member of the
Castile formation fram center west side sec. 12,
T, 20 8., R. 25 E., Bev Maxico. Crossed W’
X500, : : A
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® Salado formation.--The Salado formation (lang, 1933) rests on the
mmwauwmmmu{:‘zmuﬁuw.
formation in the Delsware Basin. It is not in direct comtact vith the
'cqamnu-m.tmmazmmulmﬂamum
- Capitan is sdjucent to the Castile shelfvard of the line along vhich
mumumwmwmgtummm.
The Balado formeticn is 500 meters thick in the subsurface near
. the margin of the Delaware Boain, It is about 8k percemt chloride

¥ 1

rocks, 12 percent sulfate rocks, and 4 percent silicate-bearing clastic
rocks. The formation contains virtually no limestons nor dolomite rocke.
lang (154h) suggested that the Fletcher anhy@rite member, 21
meters thick, be the basal membzr of the Salado formatiom. The
Fletcher at its type well rests directly on dolomite rock of the
@ Temsin) fometion. Unfortunstely, the dolomite facies at the top of
the Tansill is less than 5 kilcmeters wide, and the Fletcher s not
shelfvard. Similarly, tovard the basin, the Fletcher shortly Joins
‘the'main mess of the Castile enhydrite. It is proposed, therefors,
- that the Fletcher anhydrite be a member of the Tansill formation ca
the shelf and & member of the Castile formaticm in the basin. The
top of the Fletcher member would then mark the base of the Salado. fore
Iltloninbdthm. '
Amunmumawmumm:@ummm
- Castile formaticn in the basin vhere the two formations interfinger.
Beds of anhydrite rock more than 10 meters thick, separated by halite

Tock, generally 4o not brecciate when they crop out, and thinner beds
' W, The mapped formation boundary is the contact between ocutcropping
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WMormmm&m@ldmmmccu. By the use
of tho_m thickness criterion, the approximate correlation bdetween
the map formstion boundary (£1g. 20) aci the subsurface Salado end.
Castils tongues (£ig. 23) can be estimated.

The balite rock of the Salado formction ranges from greeaish
gray to grayish orange, and only rarely is it vhite, cmfhouzhom-
monly nearly pure. mmmydm_wu causes minor -
{impurities to impart thoir color to’th. Tock.

‘An;ydrito is the principal sulfate mineral in the formation in
the u\"»mrm. The beds of anhydrite rock are oxrdinarily light
olive-gray and average 30 centimeters thick. . Approximately a quartsy
of the' anhydrite rock has been secondarily altered to a rock camposed
of the mineral polyhalite, 2CaSQ, °M3SQy *K,80, *2H0, m polyhalite rock
is moderste nadd.i;nh orange and 1s u&spxend in the formation. In m-
crop it transforms to nod.eratc;md. gypaum rock. |

mawz-wwnfmmutmmm_mhmﬂmm

‘chiefly greenish gray which suggests conditions of chemical reductioa

nevertheless, some are modarste brown exd the local environment is
evidently oxidizing. Ths silicata-bearing clastic rocks camoaly
directly underlie beds ccmposed of sulfate minerals.  The areal extent
otmuaomatwmtmﬂwamuuotcmmﬁum&
1s more thsn 10,000 sguare kilomsters. Ths thin layers of the Salado
are perhaps as persistect lsterally as those of any formation in the
world, ' | ' A ' .‘

Fotassiun minerals are mined extensively from disocontinucus layers
" 1in the Salado in an area directly over the margin of the Delawars Basin

7
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about 15 miles east of Carlsbad (Jones, :!.95&). The principal ore
aineral is cylvite, and scme J:.ngbemu is also mined. The potassium
deposits occur in veins as vell as in layers, and they extend through
a large stratigraphic range from tbc Tansill formation to the Rustler

X ' tomation overlylng the Salado. The restricted areal extemt of the
bl potassium deposits at the margin of the basin in light of the persis-
;’; tence of very thin beds of sulfate and claastic rocks over great dis-
1; tances in the basin snd on the shelf suggests that the ore deposits

are epigénctic (Jones, 1959).

b

In cutcrop tkhe Seledo farmation consists of a breccia of light-
gray and Mmte-md sypsum rocf; ‘with a matrix of pele  reddish-browan
stlt (f1g. 32). The fragments of moderate-red gypsum in the Salads
are useful for separating it from ths underlying Castile formation
. especlally in flat terrsin vhere the units are poorly exposed.

Secausa the moderete-red gypsia rock is a surface expression of
seconiary polyhalite rock at depth, its distribution in the formation
- 18 oot an exact refiection of the orizinal stratigraphy. ﬁogreuinly
lover bads of whydrite rock were replaced by polyhalite to the north
la the basin (Jones, i554). Along the Delawvars River, for example,

e bagal 12 meters of the formation lacks red. gypsun snd consists of
S dreccia of light-gray gypsum with a matrix of dusky-yellow silt.

The breccia of the Salsdo formation typically contains douldars
N coatizmsters in 'cumter that have been rounded Ly soluticn. This
. TwaUng 15 characteristic of outcropping gypsum breccia i:a. both the
Salads ang Castils formsticns where thick sequences of salt bave been

TM0Veld, and intercalated beds of muhydrite rock have collapsed and
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of the Salado formation in sec. 8, T. 24 8., R, 26
79

E., llew Mexico.

Pigure 32.--Typical outerop of silty gypmum dreccia
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breccisted. Superficially they resemble stresm-eroded boulders,

but their universal presencs utum;r.womamn
holes, regardless of stratigrephic position in the evaporite fore
mations, shovs that the solubls fragments were roundsd at depth by
slovly percolating vater.

The contact between the Salado and the overlying Rustler fore

" mation is placed belov & very fins grained.dolomitic quarts-sandstone

sequances vhich undsrliss the Culebra dolomite member of the Rustlar
(fig. 21; appendix). This 1s the horizon selected by Richardson (190M)
for the base of the Rustler formation at its type locality in Borseshos
Drew in the Rustler Eills of Texas. o |
Rustler formation.--The Rustler formation conformsbly overlies
the Salado formation and is compossd of approxizately 50 percent
halite rock vhere unleached. ﬁamruqum:mu
siltstone, carbonate rock, and snhydrite rock similar to that in the

Salado, The formation thickens rather uniformly from the shelf into
the basin and {s approximately 100 msters thick at the basin margin.

' The besal yellovish-gray sandstcne member of the Rustler.(fig. 33),
vaich grades into carbonate rock and is much thicker to the south, is
Overlain by seversl thin beds of vhite gypsum rock and grayish-red
Slltstone. These in turn are overlain by the Culebrs dolcmite menber,
% cliff.forming unit composed of massive yellovish-gray dolomite rock
Vita distinctive pock-like cavities cn weathered surfaces. The
Ciledra 1s approximately 10 meters thick at the margin of the basia
24 13 overlain by a poorly exposed sequence of grayish-red siltstone
“™ vhite gypsum rock vhich in the subsurface, contains most of the

%o
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Figure 53.--Cross-bedded quartz sandstons noar the
base of the Rustler formation at Red Bluff,
Hew Mexico. . .
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halite rock of the formation., This sequence is overlain by the
Magents menber (Adsms, 1945) which consists of thin-bedded dolomite
end gypaum rock. Beds of pale yellovish-green gypsum 5 centimeters
thick, vith flat lcver surfaces and botyruidal upper surfaces are
{ntercalated with beds of grayish red purpls dolcmite. The gypoum
layers also contain dolomite laminae vhich confora to ths botyroidal
structure.

At the top of the formation, two thick beds of vhite gypmm
rock with pale yelloviah-green streaks are separated by a 3-meter
-!f bed of moderate reddish-brovn sandy siltstone that is aimilar to the

siltstons of the overlying Plerce Canyon formatiocm.
The geologic age of the Rustler is important becauss the for-
zation ves laid down &t or near the close of Permian time sod,
. therefore, also of Paleozoic time. Fossils are rare in the formations
above the Capitan limestons and its equivalents, but a brachiopod and
S5z, mlluscan fauna has been descrided by Walter (1953) from the Culsbras
~2, Dember and units underlying it, at the base of the Rustler formationm.
Vulter's statement on the age indicated by this fauna is as follovs:
The brachiopod fauna is dleznostic of neither time nor.facies.
With the exception of Euphenmites circumcostatus Walter n. 8Pesy
vhich may be significant of a young azs, the gastropods are
not particularly disgnostic..-. .0f the known Guadalupian faunas,

those of the Whitchorse more closely resembls the Fustler
molluscan fauna,

Oriel (in press) has revieved the stratigraphic and palecmto=
logic evidence bearing on the position of the top of the Permiss
Systea. It is significant that in parts of Arizcns, Utah, and Moo~
tana (Spieker, 1956, p. 1808; Moritz, 1951, p. 1785) rocks of Permisa
€% are overlain with spparent conformity by. Tocks of mly Triassis
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. agee In New Msxioco and Texas the rocks above the Capitan limestons

are probably of sufficient thickness eom for fossiliferocus
rocks in other perts of the world (Schenck and others, 1941, p. 2199)
Mmmmmmumqm.omirmm
Triassic. '

Evidence available at the present time suggests that the
boundary between the Permian and Trisssic systems in this area lies
mﬁt&thmnmmMrmdmrmmmm
formations, Mthcbamdmcmbe;hcedmmmmﬁl
conformshle sequence, it is anticipated thet it vmnotbc marked by
an important lithologic discontimuity unless ‘one is sptciftuur
assigned to it by conventica. ‘

Rocks of Permien or Triassic age

Pierce Canyon redbeds.--The Pierce Canyon redbeds wers named by -

mm,mﬁﬁmmsmmwm-umm
Basin, In the subsurface of the Midland Basin, the neme Dewey Lake
redbeds wvas applied to this stratigraphic unit by Page and Adams in
1938. The formation is contimwous across the Central Basin Platform
between the two basins, and its comtinuity is establishsd by coxe
relation of well logs. (Most geologists dealing with the subw.rtm
have preferred the neme Dewey Lake for the unit, even in the Delmmre
Basin; see Ahlen and others, 1958, |
mmr‘(ms?nndmnwmmmtmumm
Petrology of the Plerce Canyon redbeds is closely skin to that of
the underiying Rustler formation but differs sharply frc- that of
Overlying rocks of Late Triassic age. The Plerce Canyon rests with

e3
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conformity on:'a l2-meter bed of gypsum rock at tbhe top of the
Rustler. Inoutcmthiswmctuimguhruwehm
resembles an unconformity dbecause the gypsum weas distorted during

its bydration from anhydrits.
The Pierce Canyon is a uniform sequence of moderate reddishe

. brown sandy siltstone containing distinctive light gréenith-w

reduction spots 3 millimeters in dimmeter. Its thickness is approx-
imately 60 meters in the ares just east of this report (see appendix),
but in places where more strata are preserved belov the erosion sur- |
face at the base of Upper Triassic rocks, it is more thsn 120 meters
thick.

Rocks of Cretaceous age

In the N1/2 sec. 31, T. 25 8., R. 25 E., about 100 meters southe
east of U. E. Highvay 62, an elliptical area about 100 meters long
contains abundant marine fossils of early Washita age. The area is
boxmded.bygypmrocka‘ndcontum n'breecia coupoud.orqmrtz
sandstons and limestone blocks that contain the ‘fossils. Lang (1947T)
has - interpreted the breccia as material that collapsed into a sinke- |
hole. The locality is significant because it shows that rocks of
Cretaceous age once extended across the area, but it is too =mmall
for inclusion on the geologic map (£ig. 20). Fifteen kilcmeters
south of the ecuthern border of the map area, rocks of Cretaceous

age accur in their normal stratigraphic positicas.

Rocks of Tertiary or Quaternary sge

The Catuna formation of Pleistocena(?) age (Lang, 1938) occupies
& broad belt on the east side of the P.cos River, and a fev cutliers

a4
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on the vest sids have survived erosion. It comtains grayish arange
pick to -o.dcnto reddish browvn quarts sandstons, siltstons, and
conglomesrute. Much of this material wvas derived from undarlying rede
beds of Permian and Triassic age, tut the Gatune also costains &
large percent of volcenic ash. Cross stretification 1s ubiquitous
in ths fornmatiocn, meﬁwmwmuM-
as 10 meters thick and 30 neters wide.

mw:wes vere not mels of the Catuna formation in this
investigaution and it is not mepped on fizure 20, Although it is
casily differentiated by its lithology from rocks of Peleazoie end
Mesozoic age, the internal relations of the.aatum are complicated by
collapse resulting from solution of underlying evaporite dayosiﬁ.
Bo tossils were found in the formation and therefore its asge dssig-
nation could not be verified. In ths field vork, the Catuna form-
ation was never seen to overlie the Ognllala formsticn (Darton, 1899)
of Miocene(t) and Pliocéne age vhich crops out to the cast of the mep
area; end the oqmw,'znrm, be a besal member of ths Ogallala
rather thon deing youngsr as accepted at present by most geoclogists
familiar with the Tocks. The physiographic criteria ccamonly exployed
in this region for distinguishing between Cenoczoic st:-;ugfaphg.e units

| should de abandoned in the light of the extensive modification of topo-

graphy by solution that has occurred and is still occurring,

An erosion surface at the base of the Gatuns formstion truncetes
progressively older rocks to the west. East of the map arce, the rocks
of the Gutuna formation ar poorly exposed and are largely covered by
surticmmtemio | |
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Deposits of Quatersary sge

Alluvium is locally present along the streams, and in places
streem gruvel has been cemented by gypsum and caleits into welle
{atursted conglomerate. Caliche, possidbly of several ages, 1s wide-
spread, especially cn the esst sids of the eres, and it is locally as
mchulomrntuck. momrmrwumctmwmc
urits central to this report, thess surficial dsposits have not been
lacluded on the geologic map (£ig. £0).

Btructure

hthnmzottmnorthveatmrslqofthenehmmm, struge

tuare includes both tectcmic types and types resulting from solution
. st depth. It 1s difficult in the field to separate tha two; end they,

1a tum, are further camplicated by differential campaction over the

AArupt facies chanae- at the margin of the basin,

Folds and fsults

The principal structure of the northwest margin of the Delsvare
Mastn 15 & homocline with uniform esstvard dip of 14° which affects
‘% deposits of Permian age and to & slightly lesser extent, those -
P‘ late Cenorote age. Buperimposed on this regiocnal dip are minor
%-m.mnm.mtmmmumucmwum
h“ﬂunmb.n. These may in part be related to differentisl
"Waction or to soluticn.

Wy northvest-trending normal faults vhich mark the margin .
a denatmmwmmmme-ormmm
es



States oecur just beyond the southwest corner of the ares. The rocks
vers dowvafaulted to the wvest in late Cenozoic tims during the uplift
of the Guadalupe Mountains. A few northeast-trending normal faults
also cut the rocks in the Delaware Basin and along Guadalups Ridge.
Those that affect the Capitan limestone comonly occur in peirs so
as o form grabens in which keystone blocks have been dovndropped.
These are thought to have resulted frum tension developed during
varping at the margin of the basin, either becsuse of differemtial
campection, solution, or tectonic causes.

Collapse fsatures

The east 4ip of rocks of the area cambined with subsequent
erosion has brought formations that contain salt at depth to the
surfece. The salt itself does not crop out, hovever, and its removal
has resulted in many structural complications of the outcropping tw-

. bationa,

Hevertheless, the leaching of the salt crdiparily is more uniform
than might perhaps be expected, and the upper surface of the unleached
roekumlyapnae,m“.aemot.mtmmmo
Deters., Overlying formations are not too greatly disturbed, and their
Ntcmppattemmmll—.cﬂampoaﬁemwnoml. In dstail,
the formations are samevhat broken and warped, and in places beds
Sre displaced slightly from their proper stratigraphic positions.

Locally, hovever, salt has been differentially dissolved and
Overlying rocks are brecciated and fer belov their normal positions.
Ax exanple involving Cretacecus rocks bas been cutlined above. Another

sinkhole more than 2 kilameters in dlameter, at the northwest shore of
, &7



fod Bluff Lake, Texas, contains rocks belonging to the Plerce
Canyon formaticn and younger rocks that are nearly 300 meters below
their normal stratigrsphic pouuéu. Similar less sxtreme cases are
comon in the ares.

Scme salt soluticn prodably is related to erosion surfsces older
than the present one. The area vas truncated at least tires timss,
Mmofthohuﬂngpmbahlyocwmdmhu-ﬁd&o

Also significant is salt solution not closely related to erosioa

surfaces. In a narrov belt directly over the Capitan limestons around
the margin of the Delsware Basin, the Salado formation has beem
Greatly thimed by soluticn, snd for long distances the salt in the

| formaticn has been entirely removed. Meyandmm(isss)

: sugzest that this solution vas sccampliched by surficial vater vhich

catered the salt from above along fractures opened by differential
compaction st the margin of the basin, As the top of the Salado for-
mation 1is more than 600 meters below the surface, bowvever, in plmces
Viere wmbeen@culy leached, tu-exphutmuhem
%6 be untenable, and it is proposed here that the solution was acccm-
#lshed by upvard-moving vater from the west vhich vas driven by
irtesian pressure.

This wvator is thought to have moved acruss the basin from the
W«seormmmmmmmmuwm
- Mouatatns. When 1t reached the facies changs st the edge of the send-
| 5% group 1t rose to the surface and leached the salt along its
Surse., : | 4 a

T geologic farmaticns that are thickened along & lins overlying
018 belt of 1eached salt can be employed to interpret the structural
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Pacies relations of evaporite formations

The interfingering relationship between the predominately halite-
bearing Salado formation and the other svaporite and clastic rocks with
vhich {¢ 1s associated may provids a clues to the origin of the eveporits

LYRI i

tadiy

deposits of the West Texas Basin and similar evaporite sequences in
other parts of the world.

by

' At the north edge of the West Texas Basin, north of the ares come
sidered in datail in this report, halite rock of the Salado toimtun
interfinzers vith redbeds of terrigencus origia. ‘At the mthodjo of
the basin, the formations above and balov the Salado formation esch
thicken at the expense of the Salado. Anhydrite rock of the underlying
Castile formation occupies a progressively larger part of the ssqusnce

. tovard the south edge of the basin (fig. 25). Bimilarly, the clastic and
cardbonate mcksotthemrlyingmsﬂcrfomtmmmmn
the south (fi1g. 21).

The ‘sequence from south to north of gypsum, halits, and redbeds in

Ay

m?utmmsumrommumeuswmk:ﬁmmmwtb
south beyond the present cutcrops in the Apachs Mountains., This suppo- -
sition is supported by the observation that dolomite rock interfingers

Vith enhydrite of the Custile formation farther southeast in the Glass
Yountains (Adens, 19%h). )
< The overlying clastic rocks of the Rustler formatican may rgpreum s

e y
" barrier beach north of vhich contemporsneous halite rock of the Salado

tmtion ves formed. The enviromment favoring quartz and carbonats unl

“W'ition in the Rustler tomtion transgressed nortkvuwa. through the

%



. basin. At the conclusion of Salado and Rustler dsposition, thes sea’

‘; | retrested again to the south, and in its vake the tidal-flat dsposits
of the Pierce Canyon redbeds vere laid dovn. . The: deposition of the

fg Plerce Canyon in latest Permlian or earliest Triassic time marked the end
of evaporite deposition in West Texas Basin.

'
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EVAPORITE CHEMISTRY

mmpuuuwnuhnnmﬁofmthmm
vater s0 their composition reflects in a gensral wvay the composition of the

- oceans. The behavior of certain ions during evaporstion, hovever, causes

them to be presest in quantities quite different fram their relative concen-
tratioa in the ssa. In addition, the operatiocn of other processes besides
evaporation may introduce organic, detrital, volcanic, and cosmic material
into the sediments; and later changes related to pressure, ground-water
movement, and tectonic activity may 'nnther alter the chexistry,

Laboratory investigetion of salt deposition

In a classic series of experiments in 1849, Usiglio evaporsted sea
murhmuwmmmmofmmMuomé
Sme‘ of Usiglio's dstemminations have been questioned, and a check of his

“results for sulfate and carbonate minerals using the methods of minerale

ogical enslysis that have becoms available in the last 100 years seemed

i’myntenotnnmter\euow:mcoﬁmhmlqotth
Binghem Oceanographic Laboratory, Yale University, for use in this work.
The water vas taken in glass from the surfece of the middle of Long Island
Sound and is less saline than vater from the open sea vater. Its salinity
is 2.7h percent, in contrast with 3.45 percent for normal sea wvater. The
vater vas clear vhen first cbtained, but after standing for several vesks
mtmmubmgemdepout, probably composed of dead
plank ton, acmﬂatcdonthtbottonotthnbotﬂn The water vas decanted

for use mthoexprim.
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The saxple of sea vater vas evaporated to dryness in the. lsborstory
st three different temperatures: 10%, 69°, and 105°C. SBuccessive salts
vere collscted at periodic intervals as they were deposited during each

- gvaporstion experimsnt,

Mothod

The data given by Usiglio (1849, p. 185) suggest that the major com-
ponents of sea water (carbonats, sulfate, sodium chloride, and potassium
ani magnesium salts) can be fairly well separated by evaporation provided

suitable n:;.t- are chosen. Ths n.}.ts 1aid dowmn dnrug soncentration of

sea vater from the Mediterrancan Sea are listed in teble 2, The ranges
of concentration for Usiglio's Mediterranean semple in vhich each of the
four components vas dominantly concentrated are given in table 3 and ‘are
compared with the calculated corresponding concentrations of Long Island
Sound wvater of lesser salinity used in these studies.

(Text continued on page 95%)
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Tedle 2.~~Salts laid dovn during concentration of sva vater (grams)
(atter Usiglio, 16849)
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!‘sblo J.=~Concentrations of sea wvater in vhich marine salts are
s spproxinately separsted into four major componants
@ . (Dsta in middle colum from Usiglis, 1849)

Mediterranean See long Island Bound

Py Fraction Gsunity 5,766 percent Salinity 2.Th =

= (1iters (1iters
Carbonate 1.0 «0.20 1.0 ‘0.15

. Bultats : 0.21-0.11 .15-0.@
Sodium chloride . 0.11-0.03 OOMOQ
K and Mg salt 0.03-0.,00 0.02-0.00

In the first run, 5,353 milliliters of water were evaporated by boiling
18 & Srered bosker. The belling bagsn vith 1,000 milliliters of vater and
as the wt r vas Yolled down sooe wves elded (ntil 35,333 milliliters had
| UMem vedmend Ga o) m4402984c7E, Tresh sea vater was hested to boiling
before !t was aided to the trine so that the temperature of the solution
. remained constant. .
| Yhen the volums reached 500 milliliters, sme salts had been deposited,
andthebriumt:mtemdtoamtberbeakermwhichtheboinncm
continued. The first salt uaxph ‘vas composed of material precipitated in
ths first beaker and subsequent samples were obtained st intervals in the
sams way. The samples obtained in this mvhichevapontedaetw
ature averaging 105°C are given in table b, .
T (Text continusd on pege 95)
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Tadls k‘.m' ob .

evaporsted at ios"c
. Quanti
12 : 3333-500 .
12 333-500 y
1-3 300-267 g
- 0 71

The second run, at approximately 69°C, vas similar to the first except
&stmmmmmmtnmdnmlunhrm The rate
of evaporation and temperature of the sclution were cont:olled by a doiling
‘ater bath around the sexple and a vater aspirator vhich provided a mild
movgrthemh. MmhﬁmbetwmthefMMthom
and the other pieces of apparstus are shown in figure 34,

Juring most of the crystallization, the temperature of the sampls
Temained at 60° + 1°C, btut the temperature was cooler vhen ths semple vas
removed from the bath for collection of the salt. At the end of each
cample period the salts were collected on filter paper and the volume of
remaining liquid was determined. Mmcalttdhcredtothvﬂhqtth.
flask, the weight of salt given below is the sum of the weight of that
collected plus the excess weight of the dry flask. Adinthcﬂ.rdm,
the filtered liquor was returned to a clean container aftar the removal of
each sampls. A sea wvater saxpls of 3,33) milliliters was used in this rum.
and the evaporation tock about 15 hours; the results are givean in tabls S,

(Text contimed on pege 97) .



P T AR 10 1 R T R T .;\

—

4 \
SAMPLE ﬂ
T \ / F A \ /
ASPIRATOR

\ Z : k ')

ELECTRIC STOVE

-

rigure 34.,--Arrangement of e.ppe.re.tgs for the eveporation
of cea wmier 2t cpproximately €9°C.




=

. ms.um-owmmxmmm
o evaporated st 65°¢

= Saxple Yolume . Quantity -
2 mmber (mi1l1111ters) ' (grems)
- 2-1 3333-228 : 18.%
2-2 , 226105 | WMy
::z 205- b8 _ 201
48. 23 8.9

2-5 g3 o 10.5

mmmmmmumomﬂu&ﬁm.noup\wn&

used for the evaporaticn so thet a lower temperature could be achisved,
The sample was placed in a sealed flask exposed to rocm terperature sad
the wvater evaporated fiom it wvas collected in traps as shown in figure
35. During most of the crystallization the tempersture stood at 10°41°C,

’ tut during times vhen the salt saples wers being collected the temperature
wvas sumewvhat higher. A sea water sample of 3,333 militliters wes used in
‘this run, as in the others, end obout 270 hours were required for the
cnporati:on. The salts were remcved periodically and at ﬂmn times the
volume of remaining 1iquid wes measured. The crystallization begen vhen
ths volume reached about 350 milliliters. The approximate weights of the
salt saxmples are given in table 6 along vith the volums of vater from
vhich they wvere dsrived. -

(m'eontzm-aoap-gogg)
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SOLID COp AND
METHYL ALCOHOL |
' TRAPS

SAMPLI

Flgurc 3C.--Arirancgenent of apparatga for the evaporation
of scea woter at approxzimetely 10°Ce




. Table 6.--Semples obtained from Long Island Sound weter
evaporated st 10°C

Sample Volume ' Quantity

mmber - (ML1111iters) (gxams).
I * S 3533-276 ' 3.9-
3.2 276-2% 3.1
,}:E 2350-160 17.5
160-117 ‘ 7.6

7% e 8 13
3.7 | 8- 0 u:z

The principal aifficulty with these experiments vas the inability to
control the size of individual salt sazples by the methods used. Depoe
u.tioﬁ vas 80 rapid, especially in the high-temperature runs, that it
vas possible to allov only & brief period of stabilization of the tempere
. ature of the solution Sefou it ves necessary to remove ths next sample.
Hence no control could be obtained between the several runs so that the
a@smhotm.mwightormmmpandmm
ration sequence. This is not believed to be a disadvantage to the
mineralogical results given bere, however, because chief concern 1s Vith
the first one or two saxples in each rum. )

mmumtmnnmwx-mmmmam'
Aderican-Phillips machins. Thess identifications were supplemsnted by

‘deterninations of refractive indsx.
Results

The salts separsted into fractions mich as vas expected. Only iz the
. run st 105°C, bovever, was there sufficient mtc in the first frection
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for analysis. It is calcite. The first fractionm in the run at 10 €
was smaller than that in the run at 105°C (3.9 as compared with 5.2
grems), 80 it 1s curious that no carbonate mineral vas found in the
run at 10°C as it should have been less diluted vith sulfate. The
samphutnﬂ]:mistedoteuhedrdcrynm-ofm Perhaps the
:highmmenployedmthiammdcgrbmuwdemmum
mdcmedhydraxyliohtofomnt the expense of carbonate. Under
some conditions, loss of carbon dioxide fram solutions containing
bicarbonate ion results in the precipitation of calcium carbonate
according to the following resction
.Ca* + 2HCO3" = COp + CaCOy + B0
Under conditicns where rates of reaction are low, however, and strong
supersaturation with respect to bicarbonate icn can be expected, removal
of carbon dioxide causes bicarbonate to breek down into hydroxyl ion as
Jollows
BCO3° = QH" + COp

This proposed mechanism is the reverse of the first part of the familiar
lime-water experiment where carbon dioxide from the breath is added to &
solution of calcium hydroxide to form a precipitate of calcium carbonate.

The sulfate campound formed in each sample of the run at 1o°c 1s
gypsum; that formed in the runs at 69 and 105°C ut.hehmhyenuor
calcium sulfate, ‘buaanite (2cas0), 820).

Studies by D'Ans and others (1955) indicate that under equilibrium -
conditions, in & sclution saturated with respect to sodium chloride,
EYpsum forms st a temperature less than 18°C, anhydrite at temperatures



\

between 18 and T6°C, and the hemihydrate at temperatures grester than
T6°C. As enhydrite did not form at 69°C in samples that also contained
halite and hence were satursted with respect to oodim.cﬁlorido, con~
diticns of thermodynsmic equilibrium evidently did not cbtain. It ts
thought that bessanite formed in the run st 65°C becouse evaporstion
tock place under vacuum at & rapid rate allowing supersaturstiom of .
thc.alntimtothcpointvhenthcsolubihtydthamu.u
vell as that of anhydrite vas exceeded. The rate of reaction for ths
metastable hemihydrate is faster than thst of anhydrite, .so bsssenitse
vas deposited. ' .

These experiments open the possibility that, under natural conditions,
sulfate mincrals might form cutside their normal range of. stability by
supersaturation accazpamng very rapid precipitation. Under such condi.
tions the more soluble minerzls bassanite and gypsun would be favored
over anhydrite, Bassanite is so unstable under eoxvu.tim at the sure
face, m, that the process, in effect, would operate nh:pli to
fevor gypsum over anhydrite.

’ Chenical composition of evaporite rocks

The chemical camposition of sea water is perhaps detter knowa than
thstotanfothernatuulauhmnu. Water of the oceans contains about
3.45 percent s0114 meterial in soluticn, and the epproximete concene
tration of more than So.nhments has been estadblished,

The physical and chemical factors controlling the formaticn of
narine evaporits daposits are such that ths ratios between components in
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the depoesits are not the same as those of sea vater. In contrust with
our knowledgs of sea water, the chemical composition of these deposits
has.been less well known in ths past than that of nost other important

The pxréon of this section 18 O present an estimate of ihe average
chemical camposition of evaporite deposits. MNeny nevw chemicel analyses
of Tock salt and associsted sediments are given, and earlier published
analyses are summarired.

Relation to lithology

Several areas in the United States, in sdiition to the area of this
investigation, are underlain by thick sequences of salt. For example,
bedded salt of Silurian age occurs in New York and nearby states} of.
Devonnna.se in North Dakota and Montana; of Pennsylvanian age in Utah
‘mcmm;muhm;mum. ‘

Halite rock is nearly almi asqocuted. in mporj:te deposits with
snhydrite rock as is the case in the West Texns Basin. Other cammon
associates are claystone and carbcnate rocks, including dolomite rock
and m:m. Black shale, sandstone, and silistone are less cousacm
in eveporite &posits but each is important in some regions.

As salt is a relatively light material with a specific gnvity
of 2.17 and in many places is overlain by heavier rocks vhose specific
gravities are 2.5 or more, eveporite deposits are camonly unstabls with
respect to gravity. In regions of marked tectoulc activity, elongate
passes of salt tend to rise thrcugh the overlying rocks because of. the
density difference. Thase bodies, the well-known salt aunticlines, may
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@  bresch younger rocks and reach the surface of the earth. Seversl such
anticlines occur in the Paradox Besin of Utah and Colorado.

In regions of less promocunced tectonic activity, the rising salt
masses tend tovu'd more equidimensional shapes in the form of salt
plugs. Salt plugs ccupéua of salt of Permian(?) age are coomon in
the Gulf Coast region from Texas to Alabanma. Baltanticline‘aanﬁ
salt plugs also occur in other places in the world,

Although chemical precipitation as & result of evaporation is
the process ;that ia dominant in the formation of evaporite deposits,
other processes play a part in their deposition and resulting chemical
camposition. Two such ﬁroceaaea are the action of organisms which
produce bioéenic limestone and organic black shﬂe,. and the transportation
of water-borne detrital material with the resultant formation of beds of
. sandstone and clayatone. Of lesser importence is tramnsportatiom through
the air which may lead to the incorporation of szall quantities of
volcanic ash, windblown silt, and cosmic dust into the 5edimnta. Highly
soluble camponents may be introduced before their normal position in the
evaporation sequence in minute inclusions of brine trapped within the
crystals of certain minerals. .

In places evaporite deposits are modified after deposition by
‘secondary processes vhich may change their chemical composition. Solutions
either of remobilized brine, water fram the dehydration of hydrous minerals,
or meteoric ground water may alter the composition of the deposits. More
important, such waters may cause recrystallization and secondary segre- .
gations of scoe minersals. In & few local areas volcanic rocks have
intruded salt deposits, and dikes, sills, ani volcanic no]#tion- have been
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introduced into the formaticns. Finally, in arcas where the salf ite
self has begun to flow upwvard into plugs or anticlines through overlying
sediments, rocks of varicus types may be plucked from the valls and
included in the salt. These extranecus rocks usually 4o not bmilk
large in the salt bodies but may slightly change their gross chemical
canpositions. |

Major elements

The chemical camposition of 53.dissolved constituents of sea wvater
expressed as percent of total solutes is given in table 7. Disregarding
the oxygean and hydrogen, the elements of sea weter may be divided into
three mﬁthmzpecttotheirabunﬁmce.'mmaaswm, vhich
together make up 85 percent of the salt in the ocean, may be considered
25 ane group. lMagnesium, sulfur, caleium, and potassium range between 1
andkpcrccutandcmanecond.map. Hone of the rest of the els-
ments makes up more thzn 0.2 perc;ent of the total solids, and they may de
ccnudzredt_ogetheras a third group. The elements of the first two
groups are generally pxresent in salt .deposits in concentrations tutﬁ-
ciently é'est 80 that they may be d.etected. by routine analytical methods.

The first detalled ladoratory studiec on the salts depoaite_d. during
the evaporaticn of sea water wvere mede by Usiglio (1849) cn water from
the Mediterrancan Ses. The chmcbar of the ca.lts 1a1d down at successive
stoges of concentraticn were as follows: ferxric axids and calcium care
bonate, gypsum (hydrous caleium sulfete), sodium chloride, and, finslly,
the highly soluble potassiun and magnesium campounds soms of which
renained in the final liquor.



Table T.==Dissoclved coustituents of sea vater,
(After Earvey, 1953; Richards, 1957)

(3]

“Element Poroent Flement Teroent
A 8.107% " 3.7

e 9.10°7 - " 9.1076
A B0-b ™ 3,105
. 9.10-6 B © 0.02
s 3077 X »
3 0.01 e T.2077.
2a 2.10°% x 1.10°6
11 6.10°7 3 2,107
Br 0,19 ™ 9,105
c 0.08 ‘Ra 3.10°13
ca 1.2 ™ 6.0~
c 2.10~7 Fa 3.10°17
Ce 12075 s 2.7

a . 58 - 6.10°7
e 1.10~6 Se 1.10°7
cr 3.20°7 Se 1.10°%
cs 6.1076 81 8.10°3
ou 9.1078 o '9.10%8
r b.10°3 ar 0.03
Yo 1.10°5 ™ 2.10°7T
Ga 1.1078 ™ 3.20°6
He 901073 v 6.10~6
Ee 9.0 v 6.1076
1 1.10°% v 3.20°7
x 11 Y 9.10°7
la 9.20°7 7 2,107
1 ",.134

b ]
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The general picture vhich Usiglio obtained in his laboratory studies

' 1s comaonly reflected in the sequence of evaporite deposits in nature.

MdMMcmum“uMomm:bymw.
of calciua sulfate, then sodiun chloride, snd finally the more soluble
minerals of potassium and magnesium. Teble 8 lists some of the minerals
commonly found in marine ﬂmrit. desposits.

More detailed studies have been made by Van!t Boff and his co-workers
(1912), particularly of the part of the system in which magnesium snd
potassiunm minerals ave deposited. Van't Hoff also applied the principles
of physical chemistry and the phase rule to the separaticn of salts from
solution. Instead of beginning with eunphx sea veter, he prepared arti-
ficial solutions of various compositicns and studied the relations st
different temperastures. The final results of his work and that of later
workerg, of whick the data of D'Ans (1933) are perhaps the most complste,
vere a sariec of phase diagrems by vhich the minerals probably deposited
from sea water at cemmiemermﬂswbemdimd. rc.’rexml'n, at
a temperauture of 25°C in a solution saturated with respect to sodium - |
chloride the following minarals will be deposited in this order:
bloedite, epecmite, kainite-epsomite, Wﬁe-mmu, kicserite-
kainite, kicserite-carnallite, snd, finally, the three salts kieserite-
carnallite-bischofite precipitating together until the eveporaticn is
complets (Philltps, 1947). .

Ven't Eoff epplicd his recults to the salt deposits of Gtassfurt,

'aemm, &nd found that the Stacsfurt deposits contain many minerals

vhich can form only at temperatures close to thi&t of doiling wvater. He
therefore first intexpreted the evidence as suggesting that the Stassfurt
Sea vas very vamm. It i3 nov recognized that these deposits were deeply

(Test continued on pags 18),
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Table 8.--Scme minerals of evaporite deposits.

Leonite ‘
Plcromerite (schonite)
Folyhalite

Sylvite

KHgS0y QL. 380

X Mg, (0 )
KHg(80))2. b0
XaMg(80y )2.650
K5 CaoM( 50, )y 250




buried after their formation, and the present mineralogy reflects an
increased temperature and pressure t0 vhich the rocks ware subjected .
st dapth,

Abundant evidence exists in salt deposits throughout the world
- that fev of the potassium and magnesium minerals that now occur in the
deposits were 1aid down in their present form fram sea water. Both post-
depositional temperature changes end migrating oo:ln;uou have altered
their character. FPolyhalite, one of the most comon minerals of American
potash deposits, was probably not deposited fram an original brine but
came about by replacement of anhydrite cr gypeum.

Anhydrite is the most caxnon tulratnnineral of salt deposits, dut
probably it made up little of the original sulfate content of the
deposits. The physiochemical studies discusged earlier, and the exclu.
sive presence of gypsum in solar evaporation basins in Californis and
Nexico, suggest that most calcium sulfate in evaporite deposits prodably
originally was.deposited as gypsum, even though it is now anhydrite.

The heat and pressure of burial are thought to cause the transformations
Water made available by the process contributes to other changes in the
chenistry of salt deposits.

Minor elements .
Many salt plugs possess a near-surface cap rock compoded predame
inantly of gypsum and anhydrite. This cap rock i3 belleved t0 have been

fdmedhytha solution of salt by ground water as the plug moved upward
resulting in the concentration of impurities as & residual deposit.
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Salt dome cap rocks in places contain concentraticns of umisual minerals
suggesting that the chemical compositicn of the ealt may not be simple
(Goldman, 1952). Microscopic studies of water-insoluble residues from
- the salt itself in 4domes has also shown that rare minerals are present
(Taylor, 1937).' mnénan-torunenu vhich bave been found
in water inscluble residues of salt. S
Mtumuntmwiuatimmntaﬂed,umfmmm
average concentration of minor elements in salt deposits wes poorly
known. Therefore, samples of halite rock and agssociated sediments were
eomcted'rarmmu-‘ |
The samples used in this wvork ceme from deep core holes drilled with
brine to prevent solution of soluble minerals. .Samples wvere analyzed
fron salt beds of Cambrian age fram the Siberian Platform, U.8.8.R.;
from the Paradox member of the Hermoss formation of Pemmsylvenian age
neaxr Moeb, Utah; from the Salado formation of Permian age near Carlsbad,
Rew Mexico; from three salt dames containing salt of Permian(?) age from
tha Oulf Cosst reglon of Texms and Louisians; and from an artificial salt
mmsﬁkmiamm,cmmu
Analyses vere msde for 33 elements. The chemical compositicn of
nmhsothantemcxmsimigtablpmz anbwdriﬁrocxandpomu
rock in table 11; and limestone, claystone, and siltstone in table 12,
In additicn to the analyses reported here, & reviev of published data
on the chemical compositica of halite rock has been mads. This informstion
umummuummuuumnmaiunemuuotm
sverags concentratiocn of k1 elements in halite rock.
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. Tadble 9.=-Minerals from water-insoluble residues of salt deposits.

Mineral 1tion
‘ Auhydrite . casoy
! Arsgonite Cac0y
t ~ Barite BaSOy
Borscite e 0,3
. Brookite 0,
- " Calcite - Cal0y
Celestite 8re0, ‘
Chalcocite Cu 8
Chlorite R, Fe38150
Dolomite : cang(co,)z
Fluorite carz
Givbsite AL(08)4
Goethite HreO,
Oypeun Casoy,. 28,0
Kaolinite ByAlo8150
Kaliborite XMg;B) 0y 5-9E,0
Limonite HFe0>.nE-0
Magnesite : llgms
Hagnetite reso,,
Malachite 0;003
- Opal 810,.n5,0
Pyrite Fesl,
Pyrrhotite )
- Quarts 8102-
Rutile ™0,
Strontianite a-co, ) .
Bulfoborite MegH, (B03)1( S04 )2s THO
Sulfar 8. o
Tourmaline 88882!0636“115_“231120& B
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Tadble 10.--Analyses of halits rock in percent,

(memw
: by F. 8. Grimaldl,)

<0,00004

<0.00004

p § 2 3 Y S
“ L ] L ] L ] L ] L ]
A 0.00032 0.0023 0.0035 - 0.,0035 0.0011
B 0.0000TL 0.000053 0.00016 0.000065 0.00013
Ba 0.00002 0.00027 0.00018 0.00018 0.00009
Br. . 0,032 0.002 0.02 0.003 0.00h
c 0.008 0.006 0.01 0.006 0.01
Ca 0.24 0.47 1.16 0.13 . 1.09
a 59.78 $9.57 ST.9% 60.13 ‘58,43
(' 0.0001 enee . cone cons
Ca 0.000088 0.00065 0.00023 0.00022 - 0.00055
) J <0.0005 0.013 0.005 <0,001 <0.001
Fe 0.00077 0.00077T 0.0015 0.0022 0.00091
: ¢ . 0,002 0.001 0.017 0.003 0.001
I <0.0002 <0.0002 <0,0002 <0,0002 <0.0002
X 0.34 0.032 0.16 0.17 0.017
m <o. ml PO cooe cowe Smee
Mg 0.0042 0.025 0.13 0.066 0.002%
M <0.00002 <0.00002 <0.00002 <0,00002 <0.00043
Mo <0.00001 <0.00003 <0,00003 < 0.00003 . < 0.00003
H‘ 38. 59 w.sl 37.’!0 38082 37.92
H‘ . OQM 0. mls 0.@2’6 . O.m 0.@22
o ’ 0.77 0087 B 2.11 O.’&S ’ 1063
P 0.00023 0.00012 0.00011 0.00007% 0.00054
s 0.22 0.38 1.00 0.19 0.88
Se <0.00005 < 0.00005 < 0.00005 < 0.00005 <0.00005S
st 0.012 0.0065 0.02h 0.016 0.0022
gr 0.00093 - 0.0085 0.018 0.0056 . 0.0062
™ < 0.00002 < 0.00002 < 0.00002 <0,00002 <0,00002
™ 0.00011 0.000060 0.00016 0.00013 0.000060
U 0.0000011  0.0000025 0.0000015 0.0000015 0.0000010
v <0.00003 < 0,00003 <0.00003 <0.00003 <0.0003
Zn 0.00014 0.000056 0.000012 0.00011 0.00012
2r <0.0000% < 0.0000k < 0.0000k

*Difference from 100 percent, calculated.

(Continued on next page.)
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Table 10,~=Analyses of halite rock in percente-Countimieds

- ————

6 T 8 9
“ comD L ] L] O.m
A 0.0013 0.0015 0.0011 0.00069
a 0.00001 0.00034 0.00037 0.0003T
Ba 0,00009 0.,00027 0,00027 0.00002
2r 0.003 0.005 0,01 0.10
C 0.@5 OON OOM 0001
Ca 1.5 1L.72 0.56 0.16
a 57T S56.97 59.Th 59.57
Q L ] L ] L ] o.m
ta 0.00023 0.00021 0.00010 0.000080
F < 0.001 <0,001 0.001 <0.00085 .
Fe 0.00070 0.0013 0.00063 0.00052
g 0.001 0,001 0.002 0.073
I &.m 40.@2 < 0.0002 < O-W
K 0.0083 0.0027. 0.0042 0.03%
m ADE L ] ADE ‘o.m
Mz 0.0097 0.010 0.011 0.13 )
M 0.0011 0.0020 0.00009 0.00020 .
b3 -] < 0.00003 <0.00003 < 0.00003 < 0.,00001 -
38 37.21 3’.01 oa $¢~’
:Xi 0.00035 " 0.00023 0.00035 0,00008 -
0 2.28 2.87 0.7% L
» 0.00015 0.00012 0.00006% 0.0003%
3 1l.22 1.39 0.36 0.2%
Se < 0.00005 < 0.00005 < 0.00005 <0.0000%
S8 0.0037 0.0065 . 00,0032 0.0061
3r 0.0081 0.0052 0.0047 0.007Th
Th <9.00002 <0.00002 < 0.00002 < 0.00002
L 0.000096 0.000034 0. 000060 0.00012 -
1 0.0000010 0.0000010 0.0000010 0.0000010
v < 0.00003 <0.00003 < 0,00003 <0.00003 -
Zn 0.00030 0.00012 0.000008 0.00026
2 <0.00004 <D, 00004 <0,.00004 <. 00008
#Difference from 100 percent, calculated, .

 (Explanstion on next page.)
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1. Messive halite rock; upper part of Lover Cazbrisn salt beds)
from a test vell in the southern part of the Giberimn Platfomm,
%a.8.% |

2,  Massive halite rock; Peradox member of the Hermosa formetiom
of Pennsylvanian age; 2,39% £t.; Delhi-nvl.ork. 8, ses, 1,
T. 25 5., X, 20 M., Grand County, Utah.

3.  Thin-bedded halite rock; Paradox member of the Hermoss formatiom
of Pennsylvanian age; 2,902 ft.; Delhi-Taylor lo. 8, see. 1,
*. 25 8., Re 20 N., Crend County, Utah.

L % Halite vith polyhalite neim Salado formztion of Permian age)
1,872 and 1,956 £t.; U. S. Fotash Corp. No. 125 (5), see. 28,

. 2. 23 8., R. 34 E., lea County, X, Mex.

S.  Ealite rock; Orchard salt dome; 1,258 to 1,275 ft.; Duval Salphur
end Potash Co., }oore Estate, well no. 554, Fort Bend County,

- :. M : : :

6.  Ealite rock; Venlce salt dome; 2,893 to 2,806 ft.; Tidovater

., | Of1 Co., Burss Leves District, no. 5, Paquemines Parish, La,

- 7. Halite rock; Venice salt dome; 3,785 to 3,805 ft.; Tidevater.

011 Co., Buras Levee District, no. S, Paquemines Parish, La,

8. Ealite rock, Rlock 16 salt dome; 2,351 to 2,361 ft.; Rmble
011 Corp.; lesse 800, core test no. 3, Jefferson Parish, La,
' 9»  Balite; artificial salt pens of Leslie Salt Co., Nevark, Callf,

R LLUH L 3 R L R f!‘w}’ ™
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Table ll.=-Analyses of anhydrite rock and polyhalite rock in percent.
(Methods development and analyses supervised by P. 8. Orimaldi.)

1 2 3 5
AL 0.017 0.0042 0.0095 0.0093%
B3 . 0.0021 0.00062 0.0013 0,00013
Ba < 0.0009 0.0023 .0.0013 0.0018
Br <0.002 <0.002 <0.002 <0.002
Carbonates 1,76 0.18 2.82 © 0.0M
4 m‘ 0.10 0.01 0.07 0.0
Md 1.“ OQR 20” ! 0.052
Ca 27.17 25. - 22.h3 1.8
a " 0,18 6.94 2.05 5T
(=11 0.001h 0.00046 0.0001% 0,0013
) 4 < 0,001 < 0,001 0.035 0.00%
Yo 1.03 0.0020 0.008% 0.0070
- ¢ 0.060 0.028 0.007 0.61
b ¢ < 0.0002 < 0.0002 < 0.0002 <0.0002
X 0.17 0.02% 0.07% 11.83
¥g 1.83 0.h3 - 5.9 3.90
o 0.01% 0.00014 0.00093 0.000k6
‘o 0.00043 < 0.00003 < 0,00003 < 0.00003
a 0.067 &.67 .31 3.06
n 0.00012 < 0,00008 0.00008 . < 0.00008
ue 46.62 §.7h h7.13 k. kb
D 0,00052 0.00008k 0. 0.000046
s 20.04 20.52 17.97 19.48
Se < 0,00008 < 0.0000% < 0.00005 < 0.00009
at 0.50 0.030 0.0%9 0.043
& : 0. 09 0.071 . 0.075 0.0’OO
™ < 0,00002 < 0,00002 < 0,00002 < 0.00002
™ 0.010 0.000078 0.0010 0.00050
U 0.0000k2 0.000043 0.00002% 0.0000018
4 0.00025 0.00003 0.00012 <0,00003
Zn 0.000038  0,00003h 0.00016 0.00028
Zr - 0.0036 0.0013 0.0038 0.0022

|

Difference froa 100 percent, calculated,

l, Anhydrite rock; Paradox member of the Hermosa formatiom of
Pennaylvanisa age; 3,616 ft.; Delhi-Teylor No. 8, see. 1,
T, 25 8., R. 20 ¥., Grand County, Utah,

1A



Table 1l.--Analyses of anhydrite rock snd polybalite rock i
percent--Continged, :

2. Massive snhydrite rock vith minor halite inclusions; Salado formstiom
 of Peraisn sge; 2,452 ft.; U, 5. Potash Corp. Ho. 125(8), ses. 23,
r.as.,n.ahx..mm.l.nn. _
3. - Laminated anhydrite rock (Cowden); Salado formation of Permisn age;.
2,841 ft.; U. 8. Fotash Corp. No. 125(5), sec. 25, . 23 &,
R. 3% E., Lea County, N. Mex,
L W m&mxum&uthmiumamm;mm«hm'

ege; 2,125 ft.; U. 8. Potash Corp. Ho. 125(8), sec. 25, 7. 23.8,,
R. 34 2., lea County, N. Mex,
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Table 12.—Analyses of limestone, claystoue, snd siltstone in percemt.
(Methods development snd analyses supervised by P. 8. Orimaldi.)

p | 2 3 % ]
A .15 6.12 3.2 1.h2 0.95
3 0.0071 0.00k0 0.015 0.02% 0.0040
B " 0,018 0.028 0.034 0.081 0.013
-8 0.006 0.01 0,006 < 0,002 < 0.002
Carbonate  9.M7 2.3% - 3.38 1.66 0.15
c me 0. 15 . Bo 23 0.01 0. “ L d
Total 9.62 10.57 3.39 .70 0.16
Ca 28.& 80” 3063 120@ OQE ’
aQ 0.47 2,03 2.48 1.69 7.92 .
ca 0.00013 0.00L6 0.0096 - . 0.000056 0.0013
? 0.035 0. 0.76 0.22 0.012
Fe 0.68 3.18 1.06 0.52 0.33
R 0.1h 1.06 0.38 . 0s58 0.16
b ¢ < 0,0002 < 0,0002 < 0,0002 < 0,0002 < 0.0002
K 0.83 3.78 1.91 - 5,08 0.78
Mg 2,71 2.75 3.00 7.41 1.56
n 0.036 0.050 0.021 0.010 0.0039
) 0.0022 0.00050 < 0.00003 0.00010 < 0,00003
Y 3 0.082 0.082 0.7T1 0082 mo&
n 0.00079 0.0094% 0.0020 0.0012 0.0004h
on 47.87 L2.k0 48.51 h8.69 10.69
D < 0.000009 0.00037 0.00093 0.0011 0.00040
s 0.87 2.70 0.62 13.12 0.40
Se 0. <0.00005 <0.00005 <O0,00005 <0,0000%
81 6.5% 16.59 24,96 . 5.92
g 0.028 0.27 0.011 0.02% 0.0093
T™h 0.00017 0.00097 0.00045 0.00023 0.0001$%
™ 0.066 0.36 0.23 0.12 0.078
v 0.00065 0.0025 0.00021 0.00017 0.000048
v 0.00073 0.01% 0.0020 0.0012 0.0009
Zn 0.00021 0.0021 0.00080 0.00028 .0.00061
2r 0.025 0.043 0.047 0.016 0,017

#Difference fram 100 percent, calculated.

1. Linestone; Parsdox member of the Hermosa formation of Pemnsylvenian age;

3,699 ft.; Delhi-Taylor Ho. 8, sec. 1, T. 25 5., R, 20 N,, Grand County,

Utah,




mm.—mm,m,umu@nm;“

2, mm;mmrumw.motmﬁu
age; 3,788 ft.; Delhi-Taylor Ho. 8, sec. 1, T, 25 8,, R. 20 X,
Grand County, (Mah.

3, 3iltstone; Peradox member of the Hermosa formstion of Pennaylveanisa
age; 3,951 ft.; Delhi-Txylor No., 8, sec. 1, 7. 25 8., R, 20 K.,
Grand County, URtah. | ‘

5. Claystone; Saledo formation of Permian age; 1,860, 1,954, 2,290,
2,333, and 2,361 ft.; U. 8. PFotash Corp. No. 125(8), see. 25,

T. 23 8., R. 34 E,, Lea County, K. Mex,

n7r
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" Range Average
Rlenent (percent) (percent) Sources of data
- A8 . 0400001 0.0000% Table 10
A 0.0011-0.0035 0.002 Table 10
As 0.0001-0,001 0.0006. Thomson and Vardle, 1958
B '0,000011=0, 00037 0.0003 Table 10
Ba 0.00009=0.0009 0.0003 Goldschaidt, 19543 table 10
Br 0.002-0.0% 0.01 D'Ans and Xihn, 1940; - .
Haslam and others, 19503
Aleksandrov and Levchenko,
1953; table 10
¢ 0.006-0,01 0.01 Table 10 ,
Ca 0.038=1,T72 1 Clarke, 192b; Yasui and
Suzuld, 1955; table 10
a 56.97=60.13 58 Clarke, 192b; tadle 10 ~
or 0.0001~0,007 0.0004 Goldschmidt and others, 1943;
- tadle 10
cs 0.0002( carnallite)  0.00022 Jender and Busch, 1930
(-1} 0,000002-0,02 0.0001 Lietz, 19513 Thamson snd
tardle, 1954; Yasui snd
Suzuki, 195%; Herrmamm,
1953; teble 10
? 0.0002~0.013 0.001 Korituig, 1951; table 10
Te 0.00063.0.0T7 0.001 . Clarke, 192%; Yasui and
: Suzuki, 1955; table 10
- 0.001-0,017 0.01 Clarke, 1924; tadle 10
Ee 0.000000002 0.000000002 Thomson and Vardle, 1954
b ¢ 0-0.0001 0.00001 Anonymous, 19563 tadle 10
) < 0.0027-0,17 0.06 Table 10
. . tcble 10
Mg 0.0025-0,13 0.0% Clarke, 1924; tsble 10
\ 0.000002-0,0020 0.00001 Thomson and Wardls, 19543
Yacui and Suzuki, 1955
Herrmann, 1953; table 10
Mo < 0.00003 < 0.00003 Table 10 N
) | 0.00%2 0.004? Miller and Heymel, 1956
Ea 37.01+38.82 38 Clarke, 192k; table 10
n -. 0.0001-0.00035 0.0002 Themsen and Wardle, 1953
- table 10
o 0.45-2.87 2 Clarke, 1924; table 10
) X 0.00k7 0.005? Eaglam and others, 1950 .
) 0.0N00C2=0, 0005k 0.0001 Born, 193%; Lietz, 195;

Thomson end Vardle, 195%; -
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) . 7able 13.~=Aversge concentrations of elements in halits rocke-Contimed

= Range Average
= Element (percent) (pexcent) Sources of dsta
- Ra 0.0000000000004 = 0.000000000001  Kemeny, 15M1
= - 0.0000000000021
) 0.0005+0.037 0.01 Berg, 19293 Thomson and
m.' 19 :
8 0.19-1.39 0.8 Clarke, 1924; tadble 10
Se < 0.00005 < 0.00005 Table 10
- 0.0022-0.2F 0.01 Clarke, 1924; Yasul and
- , Suzuki, 1955; tadble 10
Sn 0.000003=0.000005 0.000004 Berrmamn, 1958 :
8r " 0.0047=0.41 0.01 Runnels and others, 19523
Thomson end Wardle, 1953
‘- table 10 .
‘ Th 0.0000002 0.0000002 Thomson and Wardle, 1954
Ti 0.000060-0.00016 0.0001 Table 10
™ < 0.000005 < 0.000005 Shaw, 1952 ~ :
U 0.00000001 3« 0.000001 Kemeny, 1941; Thomson and -
0.0000025 Wardle, 1954; table 10
. 4 < 0.00003 < 0.00003 Goldschmidt and others,
table 20
Zn 0.000008-0.00030 0.00003 . Lietz, 1951 Berrmann, 1958;
table 10
Zr

< 0.00004 < 0.00004 Table 10




Souxrce of eluments

m«wm-@uummuwmm“
mnMcmmmnmunu-nehmh;uMMm
clastic rocks make up a relatively small part of a formstion, they may
contain ths major concentration of an element in the unit. It seems
worthwhile, therefore, to consider in which of the several lithologis
tmnmqmmuummt&.‘mnemnm
chenmicel camposition of salt with that of same other rocks which are
camnon in evaporite deposits and for vhich data are availabls.

The elements concentrated in limestone and dolcuite ere CXyERD,
calcium, carbon, magnesium, phosphorous, and strontium. Those concene
trated in anhydrite are oxygen, caleium, sulfur, strontium, and beriume.

Fev elements tend to be concentrated in the salt with chlorine sad
sodium; but, owing to the fact that anhydrite.is rzchinotmuxn,
Lalite roek vhich holds considerebls -enhydrite generally contains &
relatively large smount of stromtium. The elements that accumilate in
the final liquors during salt deposition are potassium, magnesium, hydroe
gen, lithium, bromine, end possibly iodine, though very likely most
1odine evaporstes and 1s not retained. ’ '

AEmce s relatively small suite of elements is concentrated in limge
stone, ashydrite rock, and salt, and most of the minor elements, partie
- cularly the metals, are present in fine-grained clastic rocks. Elements
that are primary constituents of clastic rocks are oxygen, silicom,
aluntmm, iron, potassium, calcium, hydrogen, titaniua, mnganese, rirccm,
chramium, fluorine, berium, rubidium, broumine, the rare earths, nth!.u-,.
and beryllium. Elements extracted from sea wvater and deposited with

120
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Table 14.e=Chemical composition of scme rock types in percent,

Data from Green (1959) aid this report.

Klement Sandstcae ghale Carbonate rock Ealite rock
Ag 0.00004? 0.0009 0.000027 0.00001
Al - h 8 1 8%6
As 0.0001 0.009 0.0002 .

B 0.02 0.01 0.002 . 0,0003

Ba 0.02 0.02 0003 OoMS ’

Br 0.0001. 0.0008 0.001 0.01

c 1 2 10 0.01

Ca h 5 30 1

as 0.002 0.01 0.0k s8

cr 0.006? 0.01 0.001 0,000k

Cs 0.0002 0.0005 0.0001 0.0002¢

Ca 0.003 0.005 0.001 0.0001

r 0.03 0.05 0.05 0.001

Yo 3 h 1 0.001

) ¢ 0.2 0.6 0.09 0.01

I 0.0006 0.0007 0.0000k 0.00001

X 1 2 0.00002 0.06

13 0.002 0.007 0.001? 0.001

Mg 1 2 h 0.0

i 0.0k 0.1 0.1 0.00001

3 - 001 0003 O.wk? .

B‘ 0.5 005 0.06 . ”

p ¢ § 0.0006? 0.007 0.002 0.0002

0o 51 52 2

P 0.0k 0.08 0.1 0.005?

b2 - 0.0009 0.008 0.002 0.0001 -

Ra 0.00000- 0.00000= 0.00000« 0.000000000001
000007 00001 000004

. 0.005 0.02 - 0.0005 0.01

8 0.2 0.1 0.8 . 0.8

81 32 2k & 0.01

gr 0.003? 0.03 0.0h 0.01

T™h 0.0002 0.001 0.0002 0.0000002

™ 0.3 0.5 0.0h 0.0001

U 0.00005% 0.000% 0.0002 0.000001

Za 0.002 0.01 0.001 " 0.00003




!

TR Y

WY T CER LR I R g T )

b A6 1T

i K

el et s L lend

organic material in black shale are vansdium, zine, copper, molybdenum,
atckel, lead, tin arsenic, uranium, silver, cobalt, germanium, and gold.
A relatively thin bed of black shale can be & major host for many of the
Iare elements in an evaporits sequence. _

m;ﬁgmlmmtimothmlntMmth'
mmaersmu-dmmcmmmxﬁmotmsm
calculated from data in tedbles 10, 14, and 15.

Yhen considered in their setting in a formation composed predodnantly
otmchfomdhmmﬁmofnur,them-mwed;u&mr
(chloride, sulfate, and carbonate rocks) have the major part of the cone
tent of a relatively mmall suite of elements. These elements are chlorine, .
sodium, oxygen, calcium, sulfur, mngnesium, strontium, dromins, and phose
phorous. A small percent of clastic rocks in the section, particularly
1f 1t includes black shale, will have most of the rare metals of the
formation. ,

If the case for balite rock alone is examined, however, & scmevhat
different picture evolves. Ths elements that are highly concentrated
muLtmsmofthosethatu'edsomaorcmsutuent:otmmur.
But e clements vhich are present in the ocean in extremely minor
amounts are greatly concentrated in halite rock with respect to sea water,
thouahﬁeircbsomtemunumthcultmbemll. i

These relations can best be seen vhen the relative amounts of elements
in halite rock are campered with thelr amounts in the ocean. Figure 36
presents these ratios plotted graphically on the poﬂpdie.tsbh to |
mhsiuthemspdngotfhcem.- 'nnelgmntumuudndﬁ
symbols into those present in high, normal, or low concentrations fn rock
salt with reapesct t0 sea vater, |
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Table 15.--Proportion of lithologic types in the Ealado formation.

Chloride rocks (balite rock,
sylvite rock, ete.) 8h

Sulfate rocks (=nhydrite rock,
gypsun rock, and polyhslite .

rock 12
Carbonate rocks SW sud
‘ dolomite rock 0o
Clzstic rocks (quartz sandstons, ‘
siltstone, and claystons) Y
123
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0.0000L .
0.2

. 0.0006

0.001
0.001
0.009
0.07

09,0006
0.0002
0.0003 .
0.0
C.d
0.02

- 0,00001

0.1
0.001
0.1
0.002

0.0002
9 .

0.006

0.0001
0.01

0.2
0.000008
0.01
0.000008
0.0001

gm



*Uwe00 Y3 U} UOJJRIFUIOUCD XFIYI -
PU® X00X 93JTUY U} SIUSHI[O GWO JO PUOTIVIIUIDUCD SATIVTSL I3 UIIAEQ OFIWY-=°Gf SMPTL

n 4l Y
ad | | og
~ us [ov] | 1] fay
8| [[sv ez o e = o R EE
19 m_ d ||| 'S|||IV wz uo_...o_.o" 1|DS DB | b ||oN
F N[0} 8 nE 4304 a4ty 1
°H NOILYNY 1dX3

P B A T L

125



ST TR AT AT R e T e T T
.

The ratic detween sodium and a fairly large mmber of elements
z-mmmumum-ut&mmmﬂnn
Mmuxmmm'mmmmmmu
ses watar. Wmhﬂnmm,mtbu“m
present in either much smaller or much greater amounts. Normal rock
salt contains relatively less potassium, magnesium, and boron than the
ocean because these ions are extremely soluble and tend to remain in
solution in the drine rather than being deposited. Bromine and iodins
also are present in lov concentrations probably becsuss they are lost to
the atmoapbere by evaporstiom.

The elements that are more sbundant in halite rock than in the
ocean are less easily explained. It is interesting to note that many
ormmtmmenriclgd, in soms cases many times more than their
concentration in sea vater. Phosphorous is also enriched; snd, as

rhosphorous {s a coomon element in organic material, its abundance suggests

that the presence of tlie metals may be related to orgenic activity.
Perhaps these elements are derived from the remains of marine life that
was killed vhen it came in comtact with the highly saline vater

of the evaporation bqin.

Megafossils are rare in salt depoaits but Miller and Schwarts (1955)
bhave showvn that fossils of microorganisns are M. coamm
of metals might be effected by the sisorption of certain elements on
dscaying orgsaic material or by the foapmm of specialised ‘
microorgenisms, Xnovn from present-day brines, that accumilate metals | -
upn.rtottheirntc processes. ‘ 4 ‘
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The existence of reducing conditions a few centimeters below
the surface in shallov sites of evaporité deposition such as that at
Pupuri Sulina msy be of special importance in considering the genssis
of scme accumilations of petroleum. Carpelan (1953) has shown thed
mmcpwmutyormzuuanmuaoeoaom
that of coastal sea vater. m@tmsotcmmotmt
pi-exuuuan vith strongly oxidiging conditions (Krumbein end Garrels,
1952) has perhaps been overly emphasized in the past. I believe that
halite rock and gypsum rock are potential source deds for petroleum.
Organic msterial trapped im salt could be freed by soluticn of the
salt for migraticn in bdrine to structural and stratigrsphic trepe.
Likewise, the dehydration of gypsum at depth during its ccaversion to
snhydrite mst releass large quantities of water ma; could contain .
organic rav materials of petroleum. The well known spetial associsticn
betmenmp&ﬁtodapon&to;ndoupoohmmwcau-h;

direct genetic relationship.



 ORIGIN OF HALITE ROCX AND GYPSUM NOCK

In ordsr to explain thick sequences of halite rock aod gypsum
rock, Mﬁ(m)uma;mmrormma
evaporite deposits. This theory, which was based on an earlier
suggestion by Bischof (1864), proposed that salt and gypsua deposits
form in areas separated from the sea by a sand bar behind vhich seas
mrthstfmnénrtbbuorncplmnyuadm. The
bar theory has formed the basis for most subsequent thinking cm the -
origin of evaporite deposits.

According to the umodified bar theory & succession of deposits
would follow the sequence of compounds precipitated from sea water
during its anpo:-i.um. Superimposed on this vertical succession would
be a similar bhorizontal progression imposed by the inflov of normal
sea wvater over the dar. The horiszontal facies would rangs from
carbonate minerals near the source of sea wvater, through sulfate
minerals, to halite at the opposite edge of the basiz.

Earlier suggestions that thick layers of rock salt have been.
formed by the desiccation of sess cut off completely from the ocean
may be rejected becsuse of the great initisl depth of vater required
to explain the known thicknesses of salt. Xing (1547, p. 475) has
calculated that, to account for the gypsum of the Castile formation,
vater vith & depth of & million meters would have to be svaporsted.
Even 1f the brine were concentrated into & small part of the isolated
sea, the depth of vater required would be oo great to sccount for
many knovn deposits of sal$., ‘
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Briggs (1548) has recently adapted the bar theory to explaim
eveporite deposits in the Salina Basin of Michigan which interfinger
vith carborate rocks that he feels were formed on the opposito side

. of the basin from the point of ingress of sea water. Briggs proposed

that halite and gypsum are formed during periods of strong evaporstioa
vhen only the centrel part of the basin iz filled vith vater; at other
times, vhen the basin is completely filled, limestons forms around
the margins of the basin. Probably sn alternative paleogeographic
interpretatica could be invoked in the Salina Basin to place the
carbonate rocks in a more reascnable poutioama'rtht.m-of

soa vater.

The reflux concept

Ifmmiotmmlnamurmfowbymnuﬁu
drynses, spproximately 30 times more halite than gypsum would be -
present 1n eveporite deposits. But in an evaporite sequence such as
Mofm&nm&mrm.mwnn«ofmmd
halite is about the same. This fact led King (194T) to propose &
modificaticn of Ocksenius' bar concept vhich he named the reflux theory.
The reflux theory suggests that sea vater vith normal density ezters
an evaporation basin through a channel in a bar. As it moves acroas
the basin and is evaporated, its density increases, snd the denser
bnmmuioaxmrnnummm. In & basin vhere

dynamic equilidrium has been established, a density discontinuity develops

£y

between ths inflowing surface wvater and brine occupying the deep parts of the dasia,
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. Throughout most of the basin the invard-flowing upper. layer flosts oa
the lower and essentially mo mixing takes place below vave base. Brine
can be added to the lower layer only at the distal edge of the basia
vhere the dunsity of the upper layer has reached that of the lower. An
outward flov from the basin, the reflux, occurs along the floor of the
channel through the bar. This countercurrent maintains constant density
and.chemical composition in the lower layer and mskes it possible for
gypsum to contimis to be deposited for a long period of time vithout
deposition of halite. - N

Scruton (1953) has shown that modern lagoons where evaporstion
exceeds precipitation and runoff are indeed characterized by inflow
of sea water at the surface andreﬂuxbelm'f. Brankamp and Fowvers
(1955) have studied a lagoon on the shore of the Persian Gulf vhich

. mlovaberhadmupperlayeramterthickthstcontuned9p§rmtult
and a thin lower layer that eont;ined 20 percent salt. A thermal
inversion existed in the lagoon, the lower layer having & tempersture
of 34°C and the upper layer, 27°C. Gypsum vas forming st the shore of
the lagoon and sulfide-rich lime md cn the floor,

A multiple-inlet hypothesis

The observationsin this report provide some information that may

be significant in interpreting the origin of the Salado formation and
other evaporite deposits. Most receut writers on the origin nof evaporite.
deposits have aseumed that sea wvater entered the evaporstion basin
through & single, relatively narrow chammel, slthough this vas not

129



#igd

[EREL BT

13

O AR s

inherent in Ochsenius' original theory. pnmunm
Wmmmmwuwnm'
long, the longth of & dlsmster of the salina. In this length the
salina is drained by two inlets, sand it receives vater from the bday
through sn additional two inlets. o

The arcuste east shore of the day in Msxico showa on figwe )

is ths barrier beach of a salina 50 times larger than Pupuri Salina eod

of wvhich Pupuri Salina might be considered a scals model. This darrier
beach is about seven kilometers long and is about the length of &
dlmater of the larger saliza. |

Itiamndth&tmmm-ormm
associated vith mmerous and fairly regularly-spaced inlets are the
usual bars of evaporite basins regardless of sire. These WMB
mmdhymmmmnotmm‘wnw
on their seavard sides. The spacing of the inlets is determined by
mummemmn&mmummmmm.
Alongahors transport causes migretion of the inlets so that individual
inlets do not leave prominent records in the stratigraghy. The rresent
gulf coast of Texas might de cited as an example that has about the same
scale as the Salado evaporstion basin. For example, a change in climate
could transform Laguna Madre on the gulf into a saline basin for which
Padre Island is the barrier island. ‘ -

During deposition of the Salado formation, & ssriss of darrisr
1slands 1is believed to have extended along the southern margim of
Vest Texas Dasin. The quarts and carbonate clastic rocks of the Mustler
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formation are interpreted as remains of these old barrier islands. Inflow
tothmoemdnvmphqudmmm:n-mId

the dasin and vas not confined to a specific narrov chamnel. Associsted .
vith the sediments of the barrier islands were a few thin bdeds of
botryoidal carbonate minerals such as are preserved in the Magenta member.
Balite and gypsum vers deposited in the main part of the basin, and &
the north margin, terrigencus reddeds vers laid dowm,

In the scuthern part of the basin, near the postulated source e
of sea wster, the Salado formation interfingers vith gypsum rock of the
Castils formation (fig. 23). The Castile lies in the Delavare Basin, the
deepest part of West T xas Basin, and‘.theregimntude- pattern suggests
that the Castile formation was formed in deeper vater than the Salada.

A camparison between evaporite deposition in density-stratified
lagoons end salt deposition in shallow Pupuri §-1lina which lacks density
stratification suggests that the Castile formation vas formed in
reiatively deep water characterized by density stretification as suggested
by King (1947) and the Salado formation was formed in shallow vater mixed
by wind action (fig. 37). Poth environments are thought to bave existed
similtanecusly in the basin, and the salt deposition occurred in & shallow
tide-natemim-.ttunmthemormmvhmmmm
dmai%dhﬁemofmnmpid&mmﬁugwthmdm
vater to the south,

‘fhe water from vhich the salt of the Selado formation wes deposited
may have been less than a meter deep, Where a density discontinuity
established itsslf in the deeper vater, dilution by mixing from the upper

13
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.mumubzmmexuwmotm\nm,mammm
ummupnmumummmmwotm
sulfate was depressed in the more highly saline mixture.

In the deeper water with a density discontimiity, ths upper less
saline weter layer evidently supported a rich biota of microorganisms
whose former presence is reflected in the bituminous character of ‘the
lanirated gypsum rock in the Castil: Tormation. No doudt the rain of
mcmunmmwmrmwuymmm
by semisterils conditions existing in the more highly concentrated brine
of the lower layer. _

During parts of the year, clouds of finely divided caleium
carbonate settled from the upper layer to the bottcm and formed the lime-
stone leminse of the Castile formetion. Because the limsstons of these

.mumnmmum, 1t has not been possible to determine

shether the original precipitation wvas inorganic or was fostered by

algae and bacteria. 'B:euMofthplmemmuﬂl,

dbituninous material lends support to the idea that organisms.played a

role in the precipitation. B
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AS REFLECTED IN BALR DIrCsIzd
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In ¢t ehopber oo piopordts chodotny T Eove 40oltdy eoow od g0
the chemicel composition of halite rock is independent of its geologis
ege. The chexmical enalyses meds for this study and those recordsd in
tze literature have been averaged €0 prepore tedlez 13 vhich 4s &3
estimete of the eversge camposition of halite rock. An etterpt will
nov be meds to eveluste the velidity of this essuxption end to ecrpere
the chenical campositicn of rock ealt of different ages. Buch aa
evalustion offers a possibility of she;ldins pev light cn the geologie
history of sea wvater.

Rubey (1951) has thoroughly reviewed the lines of evidence tkad
have been exployed in the pest to gain an insight into the evolutica |
of sea water, $0 only a brief summary of them will be given here. A
pethod tret was cnce thought to give virtuslly & true meesurcoent of
the chemical camposition of enclent eea water was the anslysis of
comate vater trapped in sedimentary rocks (Lane, 1908; 1945). Une
fortunately, more recent investigatiocns have showvn that many processes
are at work to change the chemical camposiiicn of ccmnate water (Chave,
1560), Bo its preéent camposition bears little relation to that at the
time of dspositica. |

Spiro (1958) has employed enalyses of icns edsarbed on clay minsrals
as & measure of the pest camposition of sea water. The campacticn of tha
grains Guring burisl is thought to fix the ions axd prevent diegenstic axd
later changes. This supposition is unproved, however, and the method
probebly suffers from the same defects s the connate-water method.
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The relative concentrations of minor elements in fossils offer another

. spprosch to the problem, but again the values might be chenged by migreting

mmm.wmmmummmt—m_m

" %0 the length of time the enclosing rocks have toea buried 50 as to show

a false carrelatica vith geclogic age. lLowenstaa (1959) has recently re-

"mmeanmmwemwmnm,

teaperature, and therefore presunsbly have not been altered. Lovenstam's
nmumnmvmmzm«mmmmwmnm
1y at lesst since Mississippisn tims. '

Avother approach t0 the prodblen is the theory that the ionie conosne
tratica {n the body fluids of organisns is related to the chawical com-
position of the ocean at the time the crganisms evolved (Macallum, 150k)e
A close similarity exists between the ions in vertebrste blood and dilute
sea water, the only important difference being the greater content of
m-mummmm. ' . |

' mmtm-.mmmtmmmﬁﬁomwiw
the erolution of ses vater is the metbod of geochemical balance in which
the chemical camposition of the ocean is compared with the contributiom
of rivers, mmngotroch, end the quantity of sediment dsposited.
This method has shown especially that carbom dioxide of volcanic origia
mmmymummwuﬂmmmw
mndulmam(m.m)o :

) mmmuwmunmu-um

mmmuo:uamtmwu.mwum

problen, but it, tooj has uncertainties. w--qmmmmm

1
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mmm-ntmumthmmv&ﬁgm The nost

significant fact in this connection is the sbrupt appearsace of marins sel$
deposits in Ceudrian time and tlieir sbeence in Precssbrisn tims.- Extensive

_deposits of Cambrisn salt occur in Siberis, Pekistan, and Iran, snd important

deposits also exist in verious places in the world in every subsegquent period

‘with the possible excepticn of the Ordovician (Lotee, 195T). The absence of

rock salt deposits of Precambrian age may reflect a 4dilute ocesn during Pree

cambrian time or it may record the fact that most Precsmbrisn rocks are

Wnﬂaﬁmkulthshi@ﬂyuwﬁnnm.muw
by intense metancrphism. The salt deposits of the Gulf of Kare-Bugas derive
munmm&mmmmuunnwumamu-'sd'
present sea wvater, mnupnnmttutmmamumu
mauumnzmwwmmnum“
mmmmmmmmwumm“
nnﬂ.ysedtatmlmﬁcvmmmncmormww
element with respect to sge, vith the possible exception of manganese
(uucxo.).. ﬁacumnmm&mnmnmph-mm.
less than 0.00002 percent mangsnese. One of the Permisn samples comtains
1u-mo.mpmmm-;&tmmmmmﬁ.
mmmmmmo;muo.m'm. The
scatter is 80 btrosd, hovever, ﬁt‘thuwumim:wh ‘
fartuitous and the varistion might be caused by.factors other them °

+ geclogic age. The ainor veriations ctmtofthcothremm

uwwmmw«um\mm

. a8 the presence of clastic material, mmu,unemm"

133



The results suggest either tiat ths ratio between elements has bdeen
constant in the sea since Precanbrian tims or that the separstiom of
phases during evaporite deposition selects specific quantities of minoe
oMWotthumummm The daposits
otmwuwomrwmnmmmtmm
mmwumm«mmpuumau Mn—
mmmwumuhunmumma@w
since Precambrian tims. The water of the Caspian Sea differs from normal
sea vater in that 1t contains three times as much sulfsts ica. As moted
in a previcus section, the deposits at Kare-Bugas contain abundant
quantities of mirebilite (nzso,,-mnzo), s mineral not crdinarily found .
ummpurtu&pdﬂ.

In sumery, marine evaporits deposits dy themselves provide no
unequivocal evidence as to the geologic history of sea water, but they
cuwctthstthocemwhmbecnnhﬁ@dﬂntepﬂwtom
tine and that the ratio between most ions has remained approximately
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nmommmun\mmotmumu.
mmmm«mwam (1) estificial .
Mumwnwmwwwms
(2) balite and gypeum being deposited from ses ater st the jresest
time on the west cosst of Mexico; and (3) halits rock and gypsum rock
of Permian age in West Texas Pasin. The following conclusicns resulted

- fram the studys

(1) Balt deposits are normally formed from acidic water, uaittu-mn
to shallow depth, the interstitial water charscteristically becomss re-
&ucing. - |

(2) Gypeum 1s the usual original minersl of marine sulfste deposits; 1%

. hmm,mmnmwmmumm@

equilibrium conditicnee - ‘
(3) Gypsum rock and halits rock are postulated to be potential source

beds for petroleus, Organic material preserved in them may de transported

to structural and stratigraphic traps by water moving out of the rocks.
Part of this water is interstitial snd purt originates from gypsum crystals .
u.ncﬂtottnmtomﬁmhnwu. '

-(b) Exmmination of present-day evaporite deposits umumm

Wmmmmmmm«mtammmu_

whhhiﬂWWWM%Mw-

(5) andummtmwhnhm

mmmmmmmwuwummmm '
present or earlier ervsion surfaces; this was not done in Galley's (1958)
' 137 ' :
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(6) Thick eveporits deposits usually are formed behind & long series
othrﬂchlnﬂ:wsturlcmnthnmmm&n.h
.mnmmmm&w.mm;fumm' '
umamzuumemuumm

(7 mtmzuormmmmmmmmm
are belteved to have been fommed vithin the tide romes gypsum of the
Castiles formation wes mtmnmprnurua-em.mmu
fras which brine was recharged to the see.. -

(8) Bubject to certain qualifications, the evidence from deposits of
halite rock suggests that the Precambrian ocean may have been rather dilute
and that the ratio detween ions in sea water has remainesd approximately
constant sincs Precambrian time. |
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* APPENDIX,-DESCRIPTTCN GF COXE FROM A.B.Co JRILL
' mn.z,mcm;mm_o
Introfuction

' Drslling st the Project GNOME site in the approximte ceater of
sec. 3, T. 23 8., B, 30 E., MM, was undertaken in Augist snd :
Beptimber 1958 by the W-W Drilling Company. Objectives of the project,
Vhich 1s & part of Operation Plowshare of the U. 8. Atoais Energy
Comaission, are to explore the feasibility of the production of thermal
energy and useful redicisctopes from a vholly-contained underground
nucleer explosicn 1a rock salt. The purpose of &rilling this hols,
Vhich 1s at the grecise location of the proposed experiment, vas to
deternine (1) the lithologic and water-bearing characteristics of the
roehofcmé, Mesozoic, @hmmzcmm‘n-méu
un-bum;uwocms‘nmm;(a).mmhmw
ofmwatmmmmmummamm
formation; and (3) the local datails of the salt-besring sequence

Ammmmua.

Philip Pack of Eolmes & Narver, Inc., end G. W. Moore, B. R. Cox,

John Eavens, and B. R. Alto of the U. 8. Geologicel Survey collaborated

mobmmwmwmmmmmamm.
during the period of drilling. MNoore is responsidle for the log that .
ves prepared from the core after the drilling had terinsted.



' A salected st of mineral nemes used 1a the 1ithologls
dascription followss | | :

Minera} "~ Chemical 4

Dolomite Cakg(COy)p
é ] Halite ) ) ~.. 1
: wt. KoB01, . Digs0y,

T  Lemtta NGB0y K80y gD
: Folyhalite 2Cs80) .. Mag80) . Xp80), . 2820

These minerals ccabine in verious mixtures to form rocks. The

ég. mwmummnmuno'itamum‘m(u%_
o " rock), but sxg, or a1 of the sbove minerals in sifition to silt, elay,
Mundwbemorcmm. '

Scomxy

Yoot " Neme of formatica Age

C.0 » 10.0. : ‘ mi"‘“.-
10,0 - 80.0 GCatuns formation Pleistocene(?)

. 80.0.- 291.% Plerce Canyon redbeds . Permisa oF

291.5 - 360.2 me Lo m ; ‘
. 360.2 - 380.3 Rustlar formstion | a m
' m;-mum :




380.3 - MoTh
?

M8 o 529.0

529.0 - 429.9
649.9 = T09.7

T09.T = 1026.5

. M.’ - 1030.b

10&.5 - 1178-6 "

1178.6 - 1179.7
1179.7 - 12h2.5

1252,5 - 1261.3

12613 = 1500.0




Rt S ety 4V bt

R 20

0.0 T.0

. T.0 =« 10.0

JD'O - 53.0

3.0 « AS5.2

A5.2 ; 5.7

¥5.7 - 53.0

$3.0 - 80.0
80.0 hd 8&.5

8h.5 - 120.6

Lithologie Duerlgu_g.

Sand, fine-greined, 1ight-brown, well rounded, unconsoli-
dated. (Dmne send.) . |

Limsstons, sandy, vhits, contains fine-grained quarts send,
well indurated. (Calicha.) | - N

Sand, fine-grained, light-brown, fairly vell rounded, very
friable. (Top d’-m formation of Plsistocens(?) ags.)
Sanistone, medium-grained, pale reddish-trown, has scattered -
3-mm pebbles, calcite cement, csrries water. '

-Conglomerate, pebbls, pale-red; S5.mm pedbbles of .limestone,

siltstone, quartzite; matrix of cosrse-grained sandstone,

" well indursted, calcite cement.

Ssndstone, mediume tO coarss-grained, pale-red; scattered |
3-mm pebbles; frisble, carries water. a

Sendstone, medium- to coarse-grained, moderate-brovn, friable. |
Ssndstone, very fine grained, moderate reddish-brown; has 2-mm
light greenish-gray reduction spots about 1 ca apart; o,s.-_-
calcite veins; poorly indurated except basal 0.5 £t which 1s
fairly well indurated; calcite cement. (Top Plerce Canyom
redbeds of Permian or Trisssic age.)

8iltstone, sandy, moderate reddish-brown; 1-5 mm light

greenish-gray reduction spots about 1 ca apart; rere O.S-ms .
calcite veins; fairly well indursted, slightly fissfle, scme

caleite cement, - '

-



st o o
.

120.6 - 120.8

' 120.8 - 189.0

© 159.0 - 166.5

166.5 - 291.5

291.5 - 29T.7

297.7 - 318.0

| 31800 - mos

327.5 - 327.6

Claystone, silty, moderate reddish-brown; 2-mm light
greenish-gray spots; poorly indurated, plastiec.
81ltstone, sandy, modsrate nmm: 1-5 == 1ight
greenish-gray reduction spots about 1 cm apart, several
lightegreenish layers 0.1 £t thick; rare O.5-zm calcite
veins; fairly well indursted, sligntly fissils, scome
calcite cememt. -
Bandotone, medium-grained, moderate reddish-browa with
S-cm light greenish-gray patches, well rounded, well
scrted; & fev 0.5-m celcite veins; induration irregular, -
fairly vell indurated to very frisbls, carries water.
Biltstons, sandy, moderste reddish-brown; 1-10 mm light
greenish-gray reduction spots about 5 ca apart; scoae l-mm
calcite veins; fairly well indurated, slightly fissils,
calcite cement; dbelow 211' £t are 0.5-1 mm bdlsbs of gypeum
about 5 mm aparte

Gypmn-r'ock, olive-gray, l-ca crystals; 5-ca masses of
anhydrite in basal 2 £t; upper contact bears evidence of
solutica; rock is massive. (Top of Rustler formation of
Permisn sge.) '

Anhydrite rock, olive-gray, l-mm crystals; same gypsum CIYyse

tals throughout, especially near top and bottcm coatacts
vhich are gradational; -utw;
Gypsum rock, olive-gray, 1 ca crystals; S-cm masses of
suhydrite in top f£t; massive, |
811tstons, Mch-m. friable.

143



327.6 - 328.0

1326.0 - 337.5

ans -3

1338.0 - 339.8

339.8 - 350.0

350.0 - 360.2

360.2 - 367.7

Biltstone, sandy, moderats reddish-brown, breccisted)
contains S-mm breccia frageents of gypeum rock; fairly
well indurated. o
Siltstone, sandy, moderate rediish-browvn vith l-mm light
greeniah-grey reducticn spots 5 mm spart; upper 3 %
fairly vell infurated, basal part very friable; soms cale
cite cement. | o

811tstone breccis, moderate reddish-brown vith 3-mm
mmnmm-wmmmmm
otbmkmultm,mmm; mr:;nn .

. indurated, calcite cement.

Gypsum bmf:cu, grayish-purple; 1l-2 cm fragments of gypsum

and broken claystcne laminae; well indurated, calcite cement.

Gypsum rock, grayish-red, S-cm crystals; abundant S-cm
patches of -.nhydriuz l-mm gnsish-nd stylolites about
1 cm spart. | ] )
Auhydrite rock, olive-gray; upper pert s gradatiinal vith
unit above; lower 6 ft has l-cm fibrous veins of gypsum
-pmunp;nnextombemngasa-m;
umsnm'numtms.ammimmmm
end greenish-gray; gradaticnal with unit belows
Dolomite rock, greenish-gray vith same grayish red-purple
layers 1 ea thick; very fine grained; basal part hes %o- .
tryoldal or crossbedded texturs; basal 1.5 £t porous vith
1-m soluticn cavities. (With next 2 units 1s Magemta
meaber.) ' '

. g



367.T = 39.5

- 369.5 - 380.3

3£0.3 - W15

3k1.S - ML.T
M1.T - §72.0

472.0 - 473.4

AT3.4 - ATT.2

MTT.2 - 4826

482.6 - 482.8

" 882.8 - MT.k

Siltstane, mﬁc;- upper 0.6 £t greenish-gray, lower
part grayish red-purple; slightly fissile. .

Dolomite rock, silty, grayish red-purple vith scme l-om
grecatsh-gray layers; has wavy botryoidal bedding; l-cm
ﬁmﬂgpmnmmltom-mwa
Anhydrite rock, grayish-red to greenish-gray; bas a fev

'l-mwmofmm-mlmmbmnnm%u .

masses of gypeun; l-ca solution cavity at A32.9 £t;
massive, microcrystalline.

Claystone, browmish-black; some mmum
plastic, slickensided, ‘ |

Anhydrite rock, sreenis.h-w; S-enmse-otmi.hn-

dant in upper 2 £t and lover § £; msssive.
S8iltstons, greenish-gray; eontai.m 1-5 bucmm .
of gypsmua rock and claystone; mruvunmm.a, scme

‘caleite cenemt.

o

8iltstone, pu;yuh-m;- has bBrecciated l-ca gypsun deds
sbout 5 o apart; poorly indurated, plastic. .
Gypsum rock, greenish-gray, 2-mm crystals (same larger);

, -q:ie clay-filled fractures; massive,

Claystone, olive-gray, slickensided; countains 2-mm dreccia

Gypsun rock, olive-gray, I-n-cr:-t-.h, 'nu:lv.o; some J.O-C
ashydrite layers; basal O.b ft has clay-filled solutics

cavities.
. N5



boT.h

- 529.0
529.0 = 53T.2

537.2.« 550.h
550.4 « 551.5

551.5 « 5615

561.5 « 565.1

56501 - 570.8

708 - 5T6.2

576.2 - 586.0

'58570 "' 559-9

Dolcmite rock, light olive-gray, micro-crystalline; 3-mm
cavities 5 mm spart; solution cavities; brecclated, \-tlr
bearing. (anzm dolomite -ur.)

Eiltstone, cl\ve:n uppsr 0.9 ttdntamnbh—w. e
part srmah-m: ebundant l-cm breccia mmu of gyp~
sum; poorly monama, plastic.

Gypeun Tock, olive-gray, l-ms crystals vith scne patches
having 10-ca crystals, messive. - o
Cypsum breéc:lt, olive-gray; 2-cm sngular fragnents of
gypeun in & patrix of greenish-gray clay. -
S{ltstons, clayey, moderate reddish-brown; a few l-cm light
greenish-gray spots; abundant 2-cm gypeum and siltstons
breccis fragments; pooriy consolidated, plastiec.

Gypsunr rock, olive-gray, O.5-mm crystals, a few stylolites,
messive. o ‘

au.t-tnm, clayey,. mdcnu ndm-h-mmz l-cn w
of Qpsun; poorly. emondntea, plastic.

.Oyyanrock, silty; dumtinss-mlqmofmm

gypsum rock and grayish-red siltstone; fairly well ine
@Iﬂﬁ.‘ ' ’ . : . - <
Siltstone, sandy, grayish-red to greenish-gray, fairly

'_ nummmm,mmmum;mum
| with unit below.. .o
 Sandstone, very fine-grained, silty, greenish-gray, -

4

hmcmtul (M average 5-cm), friadble; basal 3 £%
vell indurated vuh dolomite cemant. o
W6



® 1

645.9 - 652.3

| 652.3 - 652.5
652.5 - 652.8
652.8 = 653.4

 653.h - 658.1

65%.1 - 654.3
65‘.3 - 6&.1

660.1 ~ 660.M
660.3 - &02

664.2 - 66h.b
66h.K - 66T.7

667.T -~ 668.5
668.5 - 670.2

670.2 - 672.6

mm, MMMMMM

- of gypsum; lnmnmx mnmmmm

(mammumm.)

Gypeum rock, clive-gray, 2-mm crystals, -nuu. :
Biltstone, greyish-red; abundant 2-sm m m.
ﬂymmck,mcnmm,l-mw,-uno |
(Aterstion product of polyhalite rock.) - "
auum, grayishered; same 2-ca pale reddish-drowm
gypsun fragaents.

Gypsum rock, pale reddish-drowm. .
8iltstone, clayey, grayish-rved; nbmhnt l-em gypoum
fragmants; very poorly indursted, plastie. -

Gypsua rock, pale reddish-brown, z-e-c:-.mm
8iltstone, grayish-red; WI-SGM“.
&ypsum rock and sandstons; poorly indurated, plastiee
Gypeum rock, moderste-red;. bedding st %%

Eiltstone, clayey, grayish-red; scattered l-ca fragments
of moderate-red gypsum; poorly indurated, Mo
Gypsun rock, modsrate-red, Mcm,mdudh
parte

S1ltstone, clayey, greylsh-red; some 3-ca fragments of
molerate-red gypeum; plastice |

m, m_mmc,m-mu
greenish-gray, Quuu, friable, except basal 0.4 £% which
16 fairly well indureteds | S

T



672.6 - 68\.5

"~ 68h% - 685.2
- 685.2 = 685.8
685.8 - 686.0
686.0 - 687.3
&103 - &TOB

687.8 - 688.6
688.6 - 69%.0

654.0 - 654.9
699 - 068
706.8 -« T08.1
T708.1 - T09.7
70’.1 - T25.0

T25.0 - T26.9
T26.9 - T31.6

Biltstone, th, grayish-red; adundant 1-5 ca fragasnts
of gypsua rock and m; highly muﬁ: poorly
Gypsum rock, oﬁw-mm 2-mm crystals, bedding contorted.
(Atersticon product of snhydrits rocks) | o
Gypewm rock, moderste-red, lom crystals.
product of polyhalite roex.) '

811tstone, Mc W

Gypswm rock, onvo-w uth srqd.lh-rod ltd.u.

S1ltstone, clayey, grayish-red, ccatacts cantorted.

Oypeum rock, olive-gray, massive. '
Biltstone, clayey, greyish-red; 1-5 cm fragments and
broken beds of sudptmmdwmek;-mhmt‘d,
plastic. . . N .
Oypsum rock, olive-gray, l-amm crystals, massive.

Anhydrite Tock, greenish-gray, micro-crystalline; bassl
0.6 £t silty; massive. . S
Siltstons, clayey, dark greenish-gray, JOFly indurated,
plastic; basal 0.2 ft grayisb-red. '

Aubydrite Tock, upper O.b £t grayish red-purpls, lower
part greentab-gray; massive.

Halite rock, pa.h:-nn\dsh-mvn. loacf;u‘nh; 2 pere
cent polyhalite in 1-10 mm bledss

Halite rock, silty, sreyish-red; 1 percent -iu.t. -
Halite rock, greeutsb-grey %o yellowiah-grays 1 m

polybalite in 2-mm bledes.
A8

(nw

H



® ra

T31.6 - T3.7
LT - T35

. T32.5 - T32.9

T732.9 - T733.0
733.0 - m.‘

Tha.h - Th2.8

The.8 - Th3.5
Th3.5 - Th8.8

748.8 - T50.8
T50.8 -'7:2.2
T52.2 = T55.9
755-9 = T59.0
759.0 - 763.2

763.2 = 763.5
763.3 - 766.0

w«mm«c{m -
x-nuraek,m:h-w, mw;zm

' polybalite in 2-mm blsbse

Ankydrite rock, greentsh-grays 10 percent balite 1a Som -
cTystals. | '
Biltstone, clayey, grayishered.’

Halite rock, yellowish-gray, l-cm up‘hh} 2 percent
polybalite.

Polyhalite rock, grayish orange-pink; smmaun
S-om crystals and 3-m layers.

Halite rock, moderate orange-pink, 2-ca crystalse.

Halite rock, silty, grayish-red; 2 percent silt; 2 percent
polybalite. Y
Halite rock, silty, grayish-red; 10 percent silt; 1 per-
cent polybalite. -

Hslite rock, silty, greyish-red; 2 percent silt; 2 per-
cent palyhalite. . . '
Halite rock, pals-red; 2 percent polyhalite; O.3 parcent
e N .
Halite rocx, silty, grayish-red; 3 percent silt; 1 percent

.m“o A

Ealite rock, moderats reddish-crangs, l-cm crystais; 2
percent polyhalite in 2-m blebs and stringerss
Polyhalite rock, moderste reddish-crange. .
Ealite rock, silty, grayish-red; $ percent silt) 0.3 per-

cent polyhalite.
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166.0 L mo‘
mot - m.‘
mo‘.- T3.2

T73.2 = T13.3

T73.3 - TThed

TTh.l = TThe8 .

TIs.8 - T73.2
5.2 - T16.3

Tr6.3 - TTT.9

TTT.9 - T18.0

T80 = 182-8

T62.8 ~ T67.3

T87.3 - BT.6

. T87.6 - 796.8

796.8 - T96.9
' 1%.9 - T97.1

Ealite rock, grayish orange-pink; 2 percent polybalite.
Polyhalite rock, modersts reddish-orangse "
Halite rock, modersts crenge-pink, 2-ca crystals; 1 pere
cent polyhalite. I |
Polyhalits rock, moderste reddish-crangs.
!hnﬁrock,nodenu orange-pink; SMMuh

.2-Cm masses.

Polyhalite rock, moderate reddish-orange, nma-;munn
k percent halite in 2-cmn masses.

Halite rock, moderste orange-pink; 5 percent polyhalite.
S8iltstons, clayey, grayish-red; le.cm light greenish-greay
layer at top; 30 percent halite in 2-zm blsds. |

Helite rock, silty, pale-red, l-cm crystals; 2 percemt
s11t i S-m soluticn cavitles.

Polyhalite rock, moderste reddish-orange. _
Ealite rock, silty, pale-red, 2-ca crystals; 2 peroent
silt; 1 perem polyhalite. |
Halite rock, pale-red to moderate rediish-crangs; l-ca
crystals; 2 percent polyhalite in 2-mm blebs; 0.5 percent
silt, | _ e
Polyhalite rock, moderats reddish-orange, microcrystalline.
Halite rock, muom.m Z-au'ynuh: 2)"-
cent polyhalite in 2-am blebse

Polybalite rock, moderste re&lnh-m _ .
Halite rock, moderate reddish-crange; 10 percent w&.

e.
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972 = T98.3

798.3 - 808.2

m.a - 812.7

822.7 - 81A.1

81k.1 - 818.5

818.5 - 818.8

818.1 - 820.1

820.1 - 821.8

821.8 - 623.8

823.8 - 82k.8

" 824.8 - 829.%

Polybalite rock, modersts reddish-orangs, microcrystallines

' 10 percent halite in l-ma crystals.

Balite rock, silty, pale-red, 2-ca erystals; b percent sils
us-mms-mmumhmw

.!n.nhnl-e-m

m&umcx. mmtommm.
S-mm crystals; 2 percent polyhalite in 3-um blebs end

. stringers; 0.5 pcreut silte -

maumcx,mm.m; smuhs 1 peroemt

- polybalites

murock..md-n.u reddish-orengs, L&emms; 3
percent polyhalits in 1-5 mm blebs and stringers.
Polyhalite rock, moderate reddish-orangs; ao'm

‘halite in l-cm masses.

Ealite rock, yellovish-gray, 2-ca crystals; 0.5 percemt
polyhalite. '

Halite rock, silty, greenlsh-gray; 10 percent silt; 1 per-
cent polybalite.

Halite rock, silty, light greenish-gray, MWS

2 percent s1lt; 2 percent polybalite. '
&numx,mummmmmn $ percent
munu:o.spmmz. :
Anhydrite roek, light bluish-gray, microcrystalline; ’0»
e-u_eunuue-cqmmmznmnw
wmummsﬁm; basal 0.2 £t i

pure anhydrite.
3



Toet
829.8 - 829.7
829.7 - 830.8
830.8 « 831.3

8313 - 838.7

833.7 - 833.9

833.9 - 835.3

835.3 - 835.7
83501 - 83602

836.2 - 837.h

837 o~ - 831 07
83701 - 83108
837.8 - 838.7

' 8ﬁ07 - 839.0

839.0 - 840.0

8%0.0 - 845.8

845.8 - 846.1

Claystons, light dluish-grey.

Halite rock, yellowish-grey, 3-om crystals, -

Halite rock, silty, greenish-gray; 3 percent silt.
Balite rock, graylsh-orangs; 3 percent polyhalite in 3-om
mug;o.smsnt. ' :
Polyhalite rock, moderate reddish-orange; 20 percent em~
hydrite; 20 percent halite; polyhalite has botrycidal re-
placement boundary with the anhydrite. |
Halite rock, grayish-orange, 2-cm crystals; 5 peroest
polybalite in l-cm blebs. N

Polyhalite rock, moderate reddish-orange, uw-o
Ealite rock, greenish-grey; mmwmﬁx 10 pere

‘esnt snhydrits.

Anhydrite rock, light dluish-gray; 10 percent halite in
1-20 mm masses. - '

Halite rock, light greenish-graye :
Anhydrite rock, light bluish-gray; 40 percent halite.

' Ealite rock, grayish-orange; 2MW&. '

Anhydrite rock, light bluish-gray; MO percent halite,
Halite rock, light-gray, 2-ca crystalse -~
Anhydrite rock, light bluish-grey; upper 0.5 £t has %0 pere
mm&uul-awm,mmmmpm
mnanuna-ncry-mn

Halite rock, silty, greenish-gray; 10- M Mtu
3 percent silt.



@ D

846.1 - 853.}
853.1 « 8540
" 6500 - 8353
éss.s - 857.&
857.‘ - 858.2

858.2 « 859.h
859.% - 878.7

878.7 - 880.6
880.6 - 883.2

883.2 - 883.6
883.6 - 88k.9
884.9 ~ 887.9

887.9 - 888.5
888.5 - 889.7
889.7 = 897.0
897.0 = 897.1
897.1 - 859.0

899.0 - 899.5

Balite rock, yellowish-gray, leca &:m:m 1 percent
polybalites - o
Halite rock, silty, greenish-gray; 5Mmﬂ !r-h _
cent polybalite.

Ealite rock, silty, greenish-gray; am-ms 1 per-
cent polyhalite, .

Halite rock, moderate reddish-orangs; § percent polyhalice
in 2-mm blebs. | |

811tstons, pale reddish-brown; 30 percent halits.

Helits rock, silty, greenish-gray; b perceat silt.

Halite rock, light greenish-gray to moderats orange-pink,
2-ca crystals; 2 percent polyhalite in 3-um blsbee

Halite rock, modarats reddish-orange; 5 percent polyhalits.
Halite rock, silty, greenish-grey to palse-red; 10 percent
s1lt; 2 percent polyhalits.

8iltstone, clayey, wuhpndz 10 percent halite; plastis.
Halite rock, silty, pale-red; 10 percent silt. A
Halite rock, silty, pale-red; 3 percemt silt; 3 percent
polyhalite. . ‘

Halits rock, moderate orangs-pink; 3 percent polyhalite.
Polyhalite rock, moderate reddish-orange, microcrystalline.
Halite rock, grayish-crange, l-cm crystals. |
Polybalite rock, modsrats orungs-pinke
Halits rock, modsrats ocrunge-pdnk,
Polyhalite rock. aoderate orange-pink,
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899:5 = 903.0

903:0 = ”-1

. 90kel - 905.1

905.1 = 506.0
906.0 ~ 90T.b

90Tk = 91h.6

91‘.6 - 91607

916.7 - 917.5

917.5 - 917.6
917.6 - 931.7

931.7 - 931.8

. 931.8 - 932.0

§32.0 - 932.1
93201 - 93608

" 936.8 - Shk. b

Zalite rock, moderate orsnge-pink, 1-ca crystalss 0s -
percent polyhalite. ..

Halite rock, silty, greentsh-gray; 2 percest silte
Biltstone, clayey, grayish-red, plastic; 20 percent halite.
in l-ca crystals. - '

" Halite rock, moderate orange-pink; 2 percent polyhalite.

Halite rock, silty, pale-red; 5 percent silt; 2 perveat
polytalites | "

Halite rock, light greenish-gray, l-cm crystals; 0.5 pere
cent ailt; 0.5 percent polybalite. N
Halite rock, moderste orangs-pink; l-cm crystals; 5 pere
cent polybalite. .

romu rock, moderate reddish-orangs, microcrystalline;
10 percent halite in 3-me dledse

Claystcne, greenish-gray, M.
wwmmlh-mtomm. 2-«‘“.1‘-
t.l.h; ZWM‘&. o
Polyhnnumck,m:ntenmm

Ealite Fock, grayish-irangs.
wuma.mum .

Halite Trock, -ut:a wu-h-mtouh-n&. MW-
m,kmmuz-—mm“uuu; 2 percent
polyhalite 1n 1-5 mm blebs end stringerse |

Halite rock, very pale-crangs, 2-cm crystals; 1 percemt -
polybalites | |

1%



@ =
ohh.b - 9h6.2

| GM6.2 - 956.3

9563 = 956.6
%o‘ L 9%08
956.8 « 957.1

95T - 959.5

959- - 962.5
962.5 - 967.0
967.0 « 968.h

966.5 - 968.6

m.‘ - ﬂo?

968.7 - 968.9
968.9 - 969.0
969.0 - 970.0
970.0 - 970.2
902 « 972.9

- 9T2.9 - 973.3

folymaumk.mg reddish-orangs, microcrystalline;
lower 1.5 £t has 30 percent halite in l-mm crystals.
Mum&mum-mMWt SM-
mwuuz-—mmm "
Polyhalite rock, moderate-reds
A;:eru rock, yellowish-gray, 2-mm laminaes
Polyhalite rock, moderste reddish-crasge; A0 percent
greenish-gray clay. ‘ :
w«mmmumum-mgxw
cent polyhalite in l-mm blsde.
Halite rock, silty, peeni:h-mto;nh—ndx 10 percent
silt, ' .
Halits rock, greenish-gray to moderate orange-pink, l-cm
crystals; 2 percent polyhalite; O.Sperecnt silt.
Anhydrites rock, nghtblnuh-mx aomnnuu
2-n£maﬂulmu;wyo.5nm3omwu. .
Halits rock, grayish-orange.
Polyhalite rock, moderate reddish-orangs.
Halite rock, grayish-orange.
Polyhalite rock, moderate reddish-orangse
Halite rock, grayish-crange; 2 percemt polyhalite.
Polyhalite rock, pale-reds
HEalite rock, grayish-crange, Lam;_sm. | .
w'u'mk. noderate m-m, microcrystalline;
mmhmuuz-a"mu.
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9733 = ITh.T

ITheT = 976.2
976.2 ~ 976.3
976.3 - 983.2
98302 - 93305
”303 - %3
 96h.3 - 98k.4
S84k - 986.3
986.3 - 986.6

;%os - %08

%o& - 99308

993.8 - 994.0
99K.0 = 997.0

- 997.0 - 1005.8

Auhydrite rock, light blulsh-gray; 10 percent halite in
Helite roeck, grayish-crangs; 0.5 percent polybalite.
Polyhalite rock, moderste crange-ginke |
Halite rock, graylsh-orange to greenish-gray, l-ca crystals;
xmmmuuz-—wu. '
mmaumx,wm

Halits rock, yellowish-gray; 0.5 percent. po:qunu. :
Polyhalits rock, moderats orange-pink; 50 percent halite

in l-cm masees. . ,
Halite rock, yellovish-gray; 3 percent polyhalite in 3-um
blebs.

Polyhalite rock, moderste orange-pink; 40 percent halite
in l-ca masses. ‘ ' )

Halite rock, silty, pale-red to greenish-gray; 10 percent
511t 1n 3-mm blede. _ B

Halite rock, yellowlsh-gray to moderste orangs-pink; 1 pere
cent polyhalite; upper 2 £t has 1 percent silt.
Wz;'mx,mmmm.

Ealits rock, silty, grayish-orange to greenish-gray; 2 pere
cent silt in 2-mm blabe; 1 percent polyhalite; upper 0.6
nmamm,spmwu:mtm
mmtt-m. Co '
maummmumu,z—mamg |
basal 0.8 £t las 5 percent polyhalite in stringerse
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@ 2
2005.8 - 1008.8

| 2008.8 - 101;)-9
| 1010.9 '- 1011.0
~ 1011.0 - IOJik.l
mhl - 1015.8

1015.8 et 1023.6

1023.6 - 1026.5

1026.5 - 1030.h

mSo.b - 1032.5
1032.5 = 10k6.9
1086.9 - m.s
| 10&85 - 1959.6

1059.6 - 1061.0

Polyhalite rock, grayish crange-pink; upper 0.3 £t hes
SO percent halite; basal O.b £t has 50 percent suhydrite.
Anhydrite rock, 1ight bluish-gray; 1 percent balite ia
2-m crystale; bassl 0.3 £t bas 10 percent stite . |
Polyhalite rock, very pale crengs; 25 percent halite

in 1-cu masses. |

Halite rock, moderate redn-h-m; IMW
halite in 2-zm blebe. | .
Polybalite rock,mderste reddish-orange; lainaticns 1 on
thick,

Ealite rock, greenish-gray to graylsh-orange; 1 percent
polybalite. |

Halite rock, silty, light-brown; § percent silt.
Bandstone, very fine grained, silty, moderate-brovs,
friable; upper 0.7 £t has 20 percent halite; lover 1.6 ft
bas 50 percent halite. (Vaca Triste sandstons membev.)
Halite rock, sandy, mu-mumms"
10 percent sand; 2mwlym1§¢

Halite rock, moderate reddish-orangs to vhite, 2-10 em

crystals; 1 percent polyhalits.

Halite rock, silty, greenish-gray to pale-red; b percent
silt. ' |

Halite rock, :euovhh-m to mu reddish-orange,
2-10 ca crystals; 1p¢reentwh. '

Ealite rock, silty, pele-red; 10 percent clay.
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Tost
1c62.0 - 1062.1
1061.1 - 1“302

1063.2 - mo3

1665.3 « 1066.5

10“0, - WOB .

1066.8 - 1067.3

1067.3 - 10T0.1

1070.1 - 1072.0
1072.0 - 107%.8
107%.8 - 1086.1
1086.1 - 1091.2
1091.2 - 1098.2

1098.2 - 1100.5

1100.5 - 1111.9

Biltstce, clayey, greylsh-red, plastice o
Bnnugock.muoma-m: 2 percent polyhalite; '
0.5 percent clay.

Halite rock, silty, pele-red to greenish-gray; JM
osilt; 2 percent polyhalite.

Enlite rock, moderate orange-pink; 1 M polybalite.
rommma rock, noderate reda.tah-m, uuocryshm.n;
10 percent halite in S-amm tladbse.

Halite rock, silty, grecnhh—w; S pereqnt ilt.

Hslite rock, moderate reddigh-orangs, lecnm w:

1 percent polybalits. |
E1ltstone, mndy, moderste-brown; 10 percent halite in
3-ma cxystals.

Halite roch, silty, pale-brown; k percent silt.

Halite rock, greenish-gray to moderate nw-h-oma,
1-2 ca crystals; 2 percent polybalite in 1-% zm blebs

" eand -trxnscn" 0.5 M silt.

Ealite rock, silty, pd.c-rea. 2-cm crystals; § percent
silt. N

.Hal!.ta rock, grayish-ormnge to greenish-gray, 1-2 on

crystals; 3 percent polyhalite; 0.5 percent silt.
Folyhalits rock, moderate reddish-crangs, nc:ocq:td.lmz
upper 0.6 £t has 40 parcent halite.

Halite mct. rmvhh-w to grayish-orangs, 2-cm crys-
tals; 0.5 percent pnunu.
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Tosh
1111.9 - 1115.3

lJ.lS.S - m9.2
1119.2 « 1120.0
1120.0 - 1122.0

1122.0 - 1122.h

Mca - J.J.23.3

 1123.3 - 1125.5

1125.5 - 1125.9
1125.9 - 1126.0
1126.0 < 1127.5
127.5 - 1127.7
1127.7 - 1129.0

1129.0 - 1129.5
129.5 - 1132.7

132.7 - 1135.7
135.7 - 1137.0

Halite rock, silty, pple-red, 2-ca crystals; 5 percemt

. s4l%.

Halite rock, moderste reddish-orange; 2 mw&..
Halite rock, eilty, greenish-gray; b percest silt.
Halite rock, greyish-orange, l-cm crystals; 0.5 percemt
polyhalite. - '
Polyhalite rock, moderate m-m: MO percent halits
in S-m blebe. ' -
Ealite rock, yellovish-gray; 20 percent azhyirite ia 3-um
irregular laninss and blebs. |
Anhydrite rock, light greenish-gray, microcrystalline;
20 percent polyhalite in S5-cm replacexment masses; 10
percent halite in 3-mm crystals. ’
Polyhalite rock, moderats orsange-pinke

Anhydrite rock, light greenish-gray.

Halite rock, grayish-orange; 1l percent polyhalite.
Polyhalite rock, moderate orange-pdnke.

Halite rock, grayish-crange, S-mm crystals; 1 Percent
Polyhalite,

Polyhalite rock, modsrate orenge-pink. .
Halite rock, moderate reddish-oranges, l-cm crystals;

1 percent polyhalite. ‘ ’

Halite rock, silty, grayish-red; 10 percent silt.
Halite rock, silty, grayish-red to greenish-gray; 3 pere
cent silt. |



m"oo - m.‘
1137.6 - 1138.5
1138.5 - 1153.2

153.2 - 1153.3
1533 - UST.7

1157.7 - 1157.8
1157.8 - 1158.0
1156.0 - 1158.4
1158.h - 1158.6
1158.6 - 1159.0

1159.0 - 1161.6

1161.6 -« 1167.6

1167.‘ - 1178.0 -

1178.0 - im.i

1178.1 - 1378.6
N78.6 - 1T9.7

Halite rock, moderate reddish-crange; lmw .
helite in l-mm blebs. '

Halite rock, silty, light greenish-gray; 4 percent.silts
1 percent polyhalite.

Halite rock, grayish-orange, MWBSM
poxyunuuz-mmmm«-q-n
wuroek,wim.

murocx, mmumﬂummz

.1 percent polyhalite in l-sm laminee.

Polyhalite rock, moderate reddish-orangs.

Halite rock, mdsénu reddish-orenge. -
Polyhalite rock, moderate reddish-orengse

Siltstone clayey, dark greenish-gray.

Polyhalite rock, moderate reddish-orangs; 30 percent

. g:eed.ﬂ:-w sile.

Halite rock, moderate reddish-crange to greenish-gray;
2 percent polyhalite; 0.5 percent silt. '
Ealite rock, silty, mottled greentsh-gray and graylshe
orange; 5 percent silt; 5 percent polyhalite.
Ealite rock, yellovish-gray, 2-cm crystals; X percent
polyhalite. ’ o
Folybalite rock, moderste orange-pink; 20 percent halite
in 2-om crystals. _ . ‘ |
Halite rock, moderate reddish-orange; 2 pamt phhhﬁ.
Polybalite rock, moderate orengs-pink, microcrystalline.
(Marker bed 120,) | '
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@ =

1179.1 - 1180.5
1180.5 > 1182.0

JJBI’O - ns'f.l

© 1187.1 = 1189.7

1189.7 - 1195.2
1195.2 - 1195.9
1195.9 - 1196.0
1198.0 - 1208.2

1208.2 - ]205.5

1208.h - 1208.7
1208.T - 1210.4

1210.& - 1211.6
1211.6 - 1219.9

1219.9 - 122h.b

Halite rock, moderate.reddish-orange; 1 percent polybalites
Halite rock, silty, greenish-gray; 5 percent silt; 1 pere
cent polybalites | | -

Halite rock, moderate reddish-orangs to greenish-gray,
l-ca crystals; 1 percent polyhalits.

Halits rock, silty, greenish-grsy, l-cm crystals; 5 pere
cent silt; 2 percent polyhalite.

Halite rock, grayish-crangsj 2 percent polyhalite.
Polyhalite rock, pals reddish-trowm. ‘

Halite rock, silty: pale-red; 2 percemt silt; 1 percess
polybalite. |

Halite rock, pale-red to -moderate reddish-orangs, l-ca
crystals; 2 percent polyhalite in 2-mm blebs and stringers.
Polyhalite rock, moderate reddish-crange; 20 percent

_halite in l-cm blebde.

Halite rock, moderate reddish-orangs.

Polyhalite rock, moderate reddish-orange, microcrystalline;
10 percent halite in l-cm bleds. |

Halite rock, silty, pale-red; 4 percent silt; 2 percent
rolyhalits.

Halite rock, pale-red, l-cm crystals; 1 percent;polyhalite;
1 percent sils. | '
Ealite rock, grayish-orangs, 3-ca crystals; 0.5 paroent
polyhalites | |



mk“ - 123306 .

1233.6 - 1239.2

1239.2 - 12h2.5

1242,5 - 1243.3

1243.3 - 1245.9

12‘509 - 12“.3
12k6.3 - 1258.2

1258'1 - m.3

1261.3 - 1261.5
1261.5 - 126h.T

126h,7 - 1264.8 '

m& -« 1.%6.'&
1266.h - 1267.3
1267.3 = 1259.3

nq.tu rock, silty, pals-red, l-ca crystals; b percent
8ilt; 2 percent polybalits,
Ealits rock, mm-mum-unwm;

. @ percent polyhalite; 0.5 percent silt; matural gas show

at 1239 ft. |
HEalite rock, grayish-orange; 2 percent polyhalits in

 2-om bigb‘.

Polymiu rock, moderate orange-pink; 30-percent
anhydrite. (With next A units is Union bed of local
usages) - ; | |
Anhydrite rock, light olive-gray, microcrystalline,
nassive. o .

Polyhalite rock, pale yellovish-brown.

Anhydrite rock, 1ight bluish-grays basal $ £t has

3-zm laminse; zmm&e’ens-nerym;
Polyhalite rock, pals reddish-brovn, microcrystallines
upper contact gradaticoal. (Base of Unica bed of local

.m.)

Siltstone, clayey, greenish-gray, plastic.

Halite rock, silty, greenish-gray to moderate reddish.
oyange; 2 percent silt; 3 percent wu.

811tstone, clayey, greenish-grsy, plastie.

Ealite rock, silty, pale-red; 5 percent silt. .

Halite rock, silty, grayish-red; 25 percent silt. |
Ealite rock, pale-red; 2 percent polyhalite; 0.5 percent

silt. - :
m.



m.l - mo‘
1270.6 - 1265.9

1265.9 - 1286.0
1266.0 - 1287.6

‘ mT-‘ - 1@01

p¥a

mﬁ.r - m.9

1293.9 - 1295.6
1295.6 - 1295.7
1295.7 = 1297.7
1297.T - 1302.1

23021 < 1309.6

*1309.6 = 1316.3

11T.3 - 1317.h
1317.4 - 1320.7

1320.T - 1320.8°

1320.8 - 1322.5

Ealite rock, silty, grayish-red; § percest sils;

2 percent polyhalits. .

Balite rock, grayish-orange, l-ca c:lhhx b § m
polyhalite in l-om dlsbs snd stringers..

But-tou, grayish-red, plastie.

HEalite rcck, silty, Mlhowx b § m silt;

1 percent polydalite.

Halite rock, grayish-crangs; 0.5 percent polybalites
Ealite rock, silty, greenish-gray to moderats reddishe
orange; 3 percent silt; 1 percent polyhalites

Halite rock, moderste orangs-pink; 1l percent polybalite.
Folyhalite rock, molerate reddish-crangse | '
Ealite rock, grayish-crange; 1 percent polyhalits.
Halite rock, silty, pale-red to yellowish-gray, 2-cm
crystals; 2 percent silt; 1 percent polyhalite.

Halite rock, moderats orangs-pink, 2-cm crystals; 3 pere

cent enhydrite in 1O0-mm blebs; 2 percent polybalite in

" lems Bledse

Anhydrite rock, light greenish-gray, microcrystallines
smmmxums-uu-pm-
Polyhalite rock, vary pale crangs.

Halite rock, grayish-orange, l-ca crystals; 1 percent
polybalite.

Folybalite rock, very pals crangs.

Ealite rock, grayish-orange; 2 percent polyhalite.
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.;\1 .

13309 - 13325

1332.5 - 1333.2
1333.1 - 1333.3
1333.3 - 1333.6
1333.6 - 1333.7

1333.7 - 1338.7 -

1338.7 - 13h1.1
1381.1 - 1347.3

1347.3 - 1356.5
1356.5 - 1359.5

1359.5 - 1360.1

1360.1 - 1362.;~

1362.0 - 1363.6

1363.6 - 1366.9

Anhydrits rock, yellowish-gray; 20 percent polybalite
- in irregular 1-cm masses; 5 percemt halite in 3-um
crystals. . |
Biltstone, light greenish-grey; L0 percent polyhalite
1n 1-5 m segregations. o
' Siltstone, greenish-gray; has 3-m vertical halite vein.
Anhydrite rock, ight greemlsh-grays |
Polyhalite rock, moderate crangs-pink,:
B1ltstone, greenish-grey.
Hslite rock, grayish-orengs, 2-mm crystals; Q.5 percent
polyhalite, | _
Halits rock, silty, greenish-gray; 1 percent -uzi 1 peze
cent polyhalite. _
Eolte rock, moderate orangs-pink; 1 percent polyhalite;
0.5 percent silt; natural gas show at 1346 £,
Halite rock, white, l-cm crystals. '
Halite rock, silty, greenish-gray to moderate redidish.
orenge; 5 percent silt; 1 percent polyhalite. |
Halite rock, silty, pale-red; S percent leonite in l-ca -
crystals; 3 percent polyhalite; 2 percent silt. .
Halite rock, moderate reddish-orange, l-n crystals;
1 percent polyhalite. )
Ealite rock, pale-red; 5 percent langbeinite in 2-cm
crystals; 1 percent palyhalite. -
Halite rock, grayish-arange, l-cm crystals; 0.5 -9'1" :

cext polyhalits,
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Qa“.s) - 1368.6  Halite rock, grayish-orenge .to -oa-m rediish-crangs,
l-ca crystals; 1 percent langbeinite in l-me blebes 1
| percent polybalite in l-mm blebes - :
1368.6 - 1369.2  Folyhalite rock, moderste-red; mmma h
| S-mm Dlede. ' '
1369.2 - 1370.2  Ealite rock, silty, greentab-gray; 3 M silt.

: 1370.2 - 1371.0 Halite rock, mnoderate reddish-orange; 3 percent polyhalite.
1372.0 = 1372.1  Polyhalite rock, moderate crangs-pink, o
13721 - 1371.2  Halite rock, moderate rediish-orangs. .-

137.2 - 137.3  Folyhalite rock, moderate crengs-yink.
1370.3 = 1373.8  Halite rock, grayish-crange to olive-gray; 2 percent
polybalite. ‘ o , o
1373.h = 1377  Ealite rock, yellowish-gray to greenish-gray, l-cm erys-
o | . tals; 1 percent langbeinite in widely scattered l-ca
crystals; 1 percent polybalits. _ '
A377.7 » 1385.1  Halite rock; modernte reddish-orangs, l-ca crystals)
' 2 percent polyhalite in l-mx blebs and stringers.
1385.1 = 1386.1  Halite rock, clive-gray; 5 percent langbeinite in lon
’ crystals. ' |
1386.1 ~ 1395.7  EHalits rock, b'ma-mnae. L-u’crnh-.hs 1 percent
 polyhaltes -
1395.7 = 1397.6  Balite roek, greenish-gray to molerste reddtah-orenge; -
| ‘ zmmuux-nmm,zmpmh;
0.5 percent st 1t; trace langbeinites - .
1357.6 = 1399.0 Ealite rock, pale-Ted; 30 percent lecnits in 3-cm masses}
2 percent polyhalite; 0.9 pesrcent silt.
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Yoot
1399.0 =« 1h01.2

1h01.1 - 1802.9

- 1502.9 -« 1“300

1403.0 - 1408.%

Mo‘ - 1503.8

Mos - m2.2
1Ne.2 - 1m2.6

12.6 - 1M15.5

1“5.5 hd 1@.2
1@02 - m.a

1422.8 « 1429.6

1429.6 - 1432.5
1h32.5 - 1h3h.6

1k3h.6 - 2hh5.2

© 16k5.2 « L4480

1448.0 - 1448.2
Mo! - 353.5

hnfn rock, silty, pale-red; 3 percent cu.t; 2 psreent
__lecnite; 1 percent polyhalites

Halits rock, grayish-orange; 1 percent polybalits.
Folybalite rock, moderate-red.

Halite rock, grayish-orange, 1@@“31”
Polyhalite; l-ca blebs of leonite at 1076 £t and at
base, - T ‘

Folyhalite rock, moderate reddish-browm.

Ealite rock, grayishecrange; l-cm bleb of lecaite at top.
Halite rock, silty, pale-red; 10 percent silt; 1 percent
polybalite, ' '

HEalite rock, silty, greenish-gray; 2 percent polyhalite;
1 percent silt. ' ' |

Halite rock, pale reddish-orenge; 1 percent polyhalite.
Halite rock, silty, greenish-gray; 3 percent silt.
Halite rock, grayish-orangs, 5-m crystals. |
Halite rock, moderate reddish-arange; 3 percemt polyhalite.
Halite rock, pals yellowish-browm; 2 percent leonite 4n
S-um blebs; 1 percent polyhalite. ) _
Halite rock, moderste reddish-orange; 2 percent polyhalite.
Folyhalite rock, modsrate-red; 2 percent halite in l-mm |
crystalee ) .

S8iltstons, light greenish-gray. . A ,
Ealits rock, grayish-orange, S-m crystals; 2 M
polyhalite. - S




- Yok
1458.5 « 1k61.0

1'061.9 - 1hT5.2

WT5.2 - TS
TS5 - 176.7

1476.7 - INTT.6
AWTT.6 - LTT.T
INTT.T - 1481.7

1“8101 - 1%109

1481.9 - 1482.9
1482.9 - 1k83.5

1483.5 < 1484.5

1484.5 - 1k8T.0
1487.0 = 1495.h
1495.4 - 1497.5
1497.5 °_1‘*99-7

1459.7 = 1500.0

Ealits rock, silty, pele-red; 2 percent silt; 0.5
percent polyhalits.

_m.tt.. rock, grayish-orange; 2 percent Wﬁ:h

1-h mm bDleds. . -

Anhydrite rock, yellovish-gray.

Halite rock, graylsh-orangs; 3 percent snhydrites 1
percent polybalite.

Anhydrite rock, yellowvish-gray, microcrystallins,

- massives

S8iltstone, clayey, Msh-m, plastie, -

Halite rock, yellowish-grays

Anl:;adﬂta rock, yellowish-gray; 40 percent h-uu in
3-zm blade. .

Halite rock, white.

Anhydrite rock, light-gray; 10 percent halite.

Balite rock, grayish-crangs; 3 percent polyhalite.
Polybalite rock, pale-red t0 moderate reddish-orangee.
Halite rock, graylsh-orange, 5-ma crystals.

Ealite rock, silty, clive-gray; & percent silt.

Halite rock, moderate reddish-orange; 2 percent poly-
balite in 2-mm blebs.’ . ' .
Halite rock, silty, dark greenish-gray; 1 percent silt; .
1 percent polyhalite. ‘
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