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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.

60



* »

¥
i
3
T
x
£

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. semrwmcamm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>