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ABSTRACT

Spivintte, @ mixiure of spivite (KCl and halite (NaCli
was discovered tn A1 Sair (Salina Group, Cayugan agej by
Anderson and Egleson in o Dow Chemical Compuany sult
core late in 1956, The potavk zowe. 92 feer thick in the
Midland cave, contained potassium values. as K0 up to
0%, The total potush-bearing zone wveraged abour 4%
KO Neither magnesium nor sulfate is present in apprecia-
ble amounts.

New subsurfoce data and continuing geclogical studies
kave confirmed the authors” origingl (19675 conclusions -
{1} Sylvinite underkies some 13.000 square niiles of the
Michigan Basin, (2} the potask facies ccctirs ay ¢ fense
within a lense of halire, (31 the paiash deposit increases in
thickness and purity basin-werd, (4} cooling was a factor in
the crysiellization of the potassiim chlovide. (5) farge vol-
umes af potassium salrs were deposited only during the first
evaporite megacyele, 16) sea leved fluctuation was the prines-
ple factor tn coniroiling the evaporite megacycles. (7} pevi-
ods aof lowest water over the basin rims are marked by
witle-sprogel clasiics within the evaporite sequonce, (8) the
potash deposition tn mid-basin oconrred at @ time when the
hasin and the approaches to the basin were waizr-covered,
and (9i the thickness and relative purity of the A-1 4-2,
and lawer B Salts are hest expluined by the inertia uf u large
mass of brine found cnly in « devp basin,

The bromine content of kalite increuses from the base of

the A-1 Salt ro maximum vatues in and above the potush
zone, clear evidence of a grudual change in deasity in the
parent brine during the concenrration phase of the A-1
megacycie, In addition, the average broming content de-
creases vertically in the selt above the potash rone; bromine
profiles from widely spaced welis show this evidence of a
gradual ditution phase as the A4-1 megacyele dvew i a close.

The distribution of bromine through 450 vertical feet of

reiatively pure A-1 Salt und the absence of unconformity ar

the stratigraphic position of rhe poiesit dentes a shaliow-
water arigin for the éqriy evaporfies i mid-Lasin,

INTRODUCTION

Prior Dow work

The geochemical cvidence which i 1966 led 0 the
finding of colorless sylvite in a Dow Chemical Company
salt core was deseribed in 1970 by the discoverers, Ander-
son and Egleson and also by other Dow workers (Ander-
son and Maeske, 1970; Anderson, Egleson, Maithews and
Majeske, 1972). Two papers discussing the extent of the
potash deposit, and its postulated origins were published
by Matthews {1970z, 1970b). The enrly geological studies
were initially fimited 1o a single evaporite megacycle
known to contain a new evaporite lithofhcies. Other eva-

orite megacveles of the Saling Group and the Devonian .
h I

Detroir River Group have since been investigated,

New subsurface duta from deep drilling in Michigan
and continuing geological studies of the potash deposits
have confirmed the authors™ original {{967) conclusions:
{1} sylvinite underlies some 13.000 square mules {33,300
km®) of the Michigan Basin, (2} the potash facies nccurs
as & lense within g lense of halite, (3} the potash deposit
increases in thickness and purity basin-ward, {4) cocling
was a factor in the crystatlization of rhe potassium chlo-
ride, {5} large volumes of poiassivm sals were depasited
in mid-basin ouly during the first evaporiie megacyele, (8)
sea level fluctuation was the principle factar in controliing
the evaporite megacycles, (7) periods of lowest water over
the basin rims are mirked by widespread allochthonous
clays and other clastics within the evaportte sequence, and
{3} the potash deposifion in mid-basin accurred ara time
when the besin and the approaches w the basin were
largely witercovered.
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Problems considered

The presence of 13,000 square miles (33,800 km®) of
bedded potash i mid-basin requires a re-examination of
evaporite depositional theories as applied to the Michigan
Basin. Previous references to bittern salts were based on
trace amounts (Lucas, 1954, Dellwig, 1953), the quantities
which now must be explained are major. Why potash only
in the lowest sall? Why in a mid-position 1o that szit? Wiy
are clastics common i the upper salts aed rare in the
lower, thicker salt where the potash cccurs? Can the por-
ash be assoctated with deep-basin halite? In considering
these questions, we will review some of the analytical data
relating 10 potash and the evidence bearing on its distribu-
tion m Michigan. We will then discuss briefly some of the
basic premises concerning evaporite geposition and con-
clude with a suggested depositional kistory for the Michi-
gan Salina Group.

POTASH IN MICHIGAN

Anaglytical data from Dow #8 core

Location and terminology. The Dow Chemical Com-
pany’s #8 Sakt well at Midland, Michigan (Sec. 21, T i4N-
R2E) was cored through several of the Salina salts (Ig.
1). The terminology of the Salina Group s shown by the
gamma ray log of a well (Good & Good £GG-1 Thom,
See, 10, TEN-RIE) located bevond the hmits of mid-basin
potash facies (Fig. 2).
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Figure 2. Mickiwn Saina teremnviogy. Typical numma-ray log
beyor e dmits of the potwsh (Good and Good, GG3-1 Thom, Sa¢
13, TEM ASE, Lapesr Cnuniy | (Matihews, 1970a).

Poitassium vaiwes. The salt core was analyzed for potas-
sivm and bromine by X-ray flucrescence. The potassivm
values us K, O ranged from less than O.59% 1o more than
405, Figures 3, 4, and § give the concentration of potash
found in three sections of the Dow well where B i3 most
prevalent. In some of the sections the diameter of the core
was reduced by dissolving action of the drilling fuid. In
a few places, inches, or even feer, of core were missing, but
it is probahly safe 1o assume that these missing sections
would be relatively high in powash. The locations of the
mconplete cores are indicated on the graphs. Assuming
25% K0 av indicated in these charts, the 92-foot {18.6
i) interval berween 8,795 (2,489 my and 8,387 (2315 m)
feet averages just over 4% K, O {Anderson and Egleson,
1970). :

Posassivm aud  Bromine. The brominge content of
patassinm chloride was found 1o increase as the pereent-
age of porassicm chloride decreases in the sylvinite mix-
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Figure 3. Pouwssn in sabt core fron Dow #8 Salt [usaer ssction of
the care) (Anckasan and Enieson, 1970.)
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Figure 5. Polash in sait core from Dow ¥8 Salt (tower sect-on of
the cares (Anderson ang Eglesor, 19701,

ture (Fig. 6). Potassium analyscs were compared with
these for bromine in a number of samples. Two samples
with & bromine canient as low as 210 ppm contained 2 or
3% K, although K was generally absent when the bromine
was Jess than 300 ppm. In only one sample with a bromine
conteny greater than 400 ppm was it impaossible to detect
any K.

At low concentrations of potassium chioride, say 2%,
in the svivinite muxture, the bromine content of the KCi
is about 4300 ppm. At high concentrations of potassium
chloride, say 75% KCI, the bromine content of the KCl
is about 2100 ppm.

According to Brastsch (1965) this indicales that cooling
plaved an important part in the crystallization of the
potassium chloride, He reports that the first sylvite erys-
tatlized at 0°C contains about 2400 ppm Br, while that
crystallized at 30°C contains sbout 3600 ppm Br.

Bromine was analyzed in both sylvite (KCI) and hahie
{NaCl) where the two minerals were physicaily mixed.
The ratios of bromine in sylvite over bromine in halite are
15 or 20 10 1, instead of the classical 1D to § (Fig. 7). This
indicates the halite associated with sylvite precipitated
from a less concentrated brine than did the gylvite. We
believe the NaCl could have been derived from warm
surface brines, while the bulk of the KCl was crystallizing

R
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Figure 8, Potassium vs. bramine in salt core from Dow #3 Salt {Anderson ang Egleson, 1970},
8243'3"- B296°5"- o crystals, hydrohalite, with the same conditions, absorbs
8284 3% 32870 Lk more bromine than halite, but in the transformation of
% KCI hvdrohalite into halite. i.e., in melting in its water of crys-
In Sylvinita 239 B0 745 tallization, the main mass of bromine passes into the liquid
Bromine (PPM} phase, whereas there remains very little bromine in the
in KCH 4340 2320 2,110 halite which is formed in this way.”
Bromine (PPM)  Minor constituents. 'I'h; sylvinite sections are excep-
in Nacl 205 110 150 tionally clean. Several analyses were made for minor con-
. stituents (Fig. 8). Since the anhydrite is relatively low
. Brin KCI : .
Ratio NG 21,7 211 14.1 throughout the sait section and magnesicm salts are non-
T in

Figure 7. Ratios of bromine in KCi/sromine in NaC! in sait core
fram Dow #8 Salt.

from cooler, more concentrated bottom brines. The ob-
served ratios not only point to separate origins but they
also suggest that temperature was 2 major conirol in the
precipitation of KCl. Alternatively, Valyashko (in Holser,
Wardlaw and Watson, 1968, p. 74) comments that, = . ..
NaCl, depending on the temperature, can precipitate in
the form of ordinary salt (NaCl} or, at a low temperarure
{below 0.15°C), in the form of hyvdrohalkite NaCIL.2H,O. In
the distribution of bromine between the sclution and the

Depth | SO, | Mg. | Rb,
Meters | Feet | %K | %Na | %Cli ppm {ppm | ppm
(2510.6)8,237 | 0.2 | 39.3 | 59.9 | 2900 | 470 <5
(?6556.3) | 8,387 | 1.9 | 40.0 | 585 | 5600 | 190 @ <6
(2628.9)(8,297'} 23.7 1 209 | 5351700 | 57 | 32
{2641.1){8,337 | 39.2 | 10.7 /504 | 900 | 71 | 54
(25567} 8,385 [ 41.7 . 8.4 498 [ 2600 | 21| 57

T Atso 7.8 ppm B and 0.13 ppm Li

Figure 8, Minor constituents in salt core from Dow #8 Salt [Ander-
sor and Egiason, 19784,
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Prigin and Imglications

existent, we are led to speculate that the brine was concen-
srated to a large extent before it reached the center of the
basin, as proposed by Dellwig (1955} and also that dia-
genesis may have occurred through dolomitization, leav-
ing the bitterns, from which the sylvinite was precipitated,
enriched in calcium and depleted of magnesivm and sul-
fate. The deposit belongs in the class of highly MgSO,-
deficient deposits cited by Braitsch {1971, p. 268).

A-1 Salt unit

The A-1 Salt contains the potash, This oldest salt of the
Salina Group underlies most of the Lower Peninsula, and
has a cored thickness of 449 feet at Midland (Fig. 9}.

The rapid thinning of salt in the northwest and parts
of the southwest appears to be evidence of truncation by
sub-aqueous re-solution before the A-1 Carbonate was
deposited. Otherwise, the sait shows a gradual thinning
and a well defined anhydrite facies bevond the sal, indica-
tive of a normal depositional zero line.

A-1 potash facies
Bromine in sult cutrings. The salt cuttings from a num-
ber of wells penetrating the A-1 Salt were anajyzed for

9 25 KO 75 100 MILES
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Figure 8. A-1 Sait thickness {Atber Matthews 127030, The numer
OUs control avinig in the southern countries were not posted, Anby-
drite zaro line in southesst after Briggs, et al, (1964},
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Figure M. Sromine i At Jabt raported in ppem as the average of
the five highest anelyss,

bromine. The results indicated a widespread deposit (Fig.
10). The vertical placement of the bromine within the A-1
Salt showed good correlation with the core data (Fig. 11}
The upper part of the bromine profile, showing a gradual
decrease of bromine, s of particular interest as evidence
of the slow development of a difution phuse in the first
megacycle. The dilution phase is present in bromine pro-
fifes from four wells' widely spaced across the A-1 Sali
basin; from Midland, the weil in Mason County is 114
miles (182 km) west-northwest, another in Kalkaska
County 1s 86 miles (138 km) northwesrt and the Reinhardt
welt 15 44 miles (70 k) north.

Gumma-ray and other logs. Several hundred garmma-
ray and other logs of wells have been studied. The “type-
log” was the Pure Odf Company #1 Emery (Fig. 12). It
t5 shown here correlated with the Dow $8 Sali core data.

The additional deep-busin wells which have logged the
A~} Salt within the confines of the A-1 Potash in recent

"Dow 2% Sak (21-14N-2E) Midiand Co.; Miller Bros 31 Mikula (3-
2N-1TE) Mason Co.; Simpson #1 State-Springhicld (10-25N-8W)
Kalkuska Cen; Ohio Qi % | Rednnardt (35-20N-2E) Ogemaw Co,
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Figure 11. Bromine profiles of two welis 44 miies (70 km) zpart
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Figura 12. Correlation of gamma-ray log with % K,Q present
in A-1 Sait core. Distance between wels is 11.4 miles (18,2
km}. Missing core Is shown by deflections left of base line
iMatthews, 1970a).
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Figure 13. Bartial iog of Thunder Holiow Dil and Gas #
Thampson, Sec 20, THEGN-R14W, MNewayao County.

years generally confirm the original conclusion that the
deposit covers 13,000 sguare miles (33,800 kmi*} of the
basin. Figures 13, 14, 15, 16, 17, 18, and 20 illustrate the
position and response of the A-1 Potash in typical logs
across the basin. The well locations are shown on the
facies map (Fig. 21).

A recent well drilled by Dow at Midland was logged,
but not cored, and the log shows a considerable increase
basin-ward from the “type-log” in the Pure #1 Emery
(Figs. 12 & 14).

Clasrics in sglt, The A-1 Salt had long been known 1o
show radioactive log responses in mid-basin, but these had
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atways been described as “shale or carbonate fenses™ and
as such ignored. Sinular responses scen in ather sals, the
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Figure 17, Partial log of Mewmon Oif Compeny #0<4 State Beaver
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serivgi of pos-defngal owture of the “noR-sadine mineral impurs-
e’ has not been prover. Hraysch notes that guartz can be either

Figure 16 Paruat jog of Brazos-Sus-Supsrice . Swre Toster, See authigenic or getrital, and ilfite clay s “generally detrital, occasionally
28, TZAN-RTE, Dgestaws GOUS Ty, guthizenic™ {i971, n. 25)
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Figure 18. Partial iog of Skell Oii Campany F-16 Con-
sumers Power, Ssc 16, TZ8M R OW, Matikaska County,

clay and crystailine quartz. These materials are believed
to be, i part, windblown and water-deposited; a mixture
of allochthonous and autcchthonous types which mark
the mid-point of 41 single D evaporite megacycle. The
bromine content of cored salt intermingled with these
windblown clastics shows higher bromine than the D Salt
cither above or below. A bromine profile of the B Szh
from a core near Sarnia, Onrario (Fig. 19), supports the
contention that the D Salt was the result of one large
evaporite megacyele which reached a maximum brine
concentrution as the allochthonous clastics were heing
deposited.
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Figure 19. Bromine profile of the D Salt from Dow #42 Daw Farm,
Con XIE, Lot 24, Maoore Townshiz, Lambton County, Ongario,
Cansca,

Potassium in drilling mud. In one area where the cause
of log responses was questioned, potassium was detected
in drilling mud near the predicted zero line of the potash
deposit {Anderson and Majeske, 1970). Confirmation in
the form of 2 gamma.ray log came later {Fig. 20).

Sacrions and maps. The probable extent of the potash
in the A-1 Salt is shown (Fig. 21} related to the present
limits of salt and anhydrite.

Potash should continue to thicken toward the deposi-
tional center of the A-I Salt basin. In the northwest and
southwest, where truncation influenced present limits,
potash occurs very close to the salt zero line, In other
places, the potash zero line marks the depositional limit of
the mast soluble mineral in a classical fateral lithofacies
suceession for evaporite deposition from bittern salts to
halite to sulfates to carbonates.

I the stratigraphic cross sections the base of the A-1
Carbonate was used as a datum and the total potash-
containing interval was outlined,

The Woest-East stratigraphic cross-section {Fig. 22)
shows the very soluble potash lithofacies to be 2 lense
within a fense of halite, and that the jowest potash begins
at a position near the vertical middle of the salt deposit.
A thin anhydrite surrounding the halite lense is not shown
due to problems of scale,

e A A Py T
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Figure 23, North-South stratigrephic cross-sectiorr of the A7 Salt and A.1 Patesh in thz Michigan Basin,

The N-8 stratigraphic cross-section (Fig. 23}, shows an
apparent different position of the lenticular sylvite lithofa-
cies with the A-1 Salt. In the north the deposit is found
near the top of the preserved deposit, and we conclude
that recessive salt above the potash was lost by sub-aque-
ous re-solution hefore or during the deposition of the first
few feet of A-1 Carbonate. The gamma ray pattern of the
A-1 Carbonate characteristicafly shows a high response at
the base; this so called “foot” is more evident in the north-
east where presumably the inmial A-] Carbonate deposi-
tion occurred in bottom waters enriched locally in
potassium ion.

The salt beneath the potash is more vpiform in thick-
ness than the salt overlying the potash (Fig. 24). An iso-
pach map of the sali beneath the A-t potash zone, based
on & limited pumber of contro! points penetraling the
potash, shows a rather consistent and gradual thickening
toward basin center, although the thickening is more rapid
along the northwest edge of the basin reflecting the change
in slope of the sea ficor to the north. A map of the zone
beheved to contain potash (Fig. 25) shows a deposit which
thickens basin-ward. An area of unknown size in the
northeast has undergone a truncation. The isopach of the
salt over the potash (Fig. 26) s considerably different than
the other two; & much larger area appears to have been

thinned by truncation. The recessive salt deposited over J/‘ . _ g
the potash, and preserved in mid-basin, is not now present T T T
over the northern potash. 0 25 58 75 100 MILES
R
EVAPORITE DEPOSITION 0 50 100 KWLOMETERS

Figure 24. 'sopach map of that part of the A-1 Salt below the

Basic premises potash zone,

Before discussing the origins of an evaporite lithofacies
deposit having the physical geometry and chemical char-
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Figure 25, lsopacn g of the total zone within tiw A-1 Sait be-
haved TO contain e potash beos.

acteristics described, a review of sume of the factors con-
cerning evaporite deposition 15 in order. Several points will
be considergd: First, the nature of the evaporite cyelg
sccond, our concept of 2 “fransgressing-regressing body of
brine”; third, “‘stand-stdls” in a cycle when reflux is
present; fourth, the certainty of potash if reflux s not
present; fifth, the influence of radial or convergent influx
en flow patterns and facies; sixth, the effect of temnpera-
ture,

The evaporite crele. Evaporite deposition is eyclic (Fig.
273 The early stages of a cvele are dominated by factors
which cause increasing water concentration, the dessica-
tion of Stewart (1963). The final stages are dominated by
factors which causc increasing difution, the flooding of
Stewart. The peak of a cycle is reached when the water
congentration 1s at s maximum. Should a cycle proceed
e complete dessication, that eycle is interrupted at a mid-
point ard is not et at the end of the cycle. The most
sotuble mineral in an evaporite ¢ycle has to be deposited
m mid-cycle and &5 a result, potash should be expected in
the middle of salt sequences, except where the deposits of
the upper haif of the cycle huve been re-dissoived totally
or in part. Likewise, the highest bromine in primary halite
will be deposited st mid-cycle,

25

0 25 50 75 100 MILES

0 50 100 KILOMETERS

Figure 26. Isopach map of that part of the A-1 Sait over the potash
0N,

A transgressingSregressing body of brine, Second, min-
erals deposited during the early stages of an evaporite
cycle are the resubt of a “transgressing body of brine”
{Matthews, 1970a} in which increasing concentration
gradients transgress the ccean floor, and in this sense the
resulting deposits are transgressive. These are the progres-
sive evaporites of Borchert. These minersls are usually
well preserved as they are covered by increasingly concen-
trated brine, 4 brine that is transgressing the basin floor.

The deposits of the latter stages of an evaporite cycle
are the result of a “repressing body of brine™ (Matthews,
1970a}. Such regressive depasits, the retrograde or reces-
sive of Borchert, are often poorly preserved as they tend
ter be covered by brines capable of re-dissobving the bottom
sediments. During the dilution phase, strong brines over
any given point of the sea foor rend to be replaced by
weaker and weaker brines as the concentration gradients
regress, Where regressive beds survive without clasnc ar-
mor, it probably is the result of a thin blanket of insoiuble,
or less soluble, residues which can hold 2 protective laver
of saturated, interstitial brine on bottom.

Ay used here, the terms “{ransgressive body of brine”
and “regressive hody of brine” apply to the sea floor and
ter the migration of conceniration gradients, the terms do
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Figure 27 tdealized evaporite cycle from narmal ses water Fo bittern sall concentrations olotted against the relgtive time each

evaporite lithofacies will deposit in a single evaporite eyclothem {Matthews, 12708}, i

not imply changes in shore lines, The terms are not synon-
yHious with “transgressing sea” or “regressing sea.” Shore
lines nieed not change as the nfluence of the brine body
changes across the bottom of the basin, however, the in-
creasing influence of a transgressing brine body will oecur
normally during the concentration phase of an evaporite
cycle. At that time, sea levels may be dropping and shore
lines may be regressing. It is important to consider our
contenfian that the events oceurring vr any given position
on the sea floor of an evaporite basin are independent of
distance to actual shoreline or to the depth of water. A
change from one evaporite Hthofacies to another does not
mark a shoreline, but only marks the transgressive limit
in the migration of a concentrafion gradient in the brine
on bottom.?

Dynamic eguilibrium. Third, reversals or dynamic
equilibrium conditions can occur at any point in an eva-
porite cycle, but only if reflux to the open ncean is present.
In a restricted basin having no reflux, a complex mixture
of ions continues to enter while water leaves by evapora-
tion. Certain ions are removed by precipitation, while the

*The established usage of the terms “transgression™ and “regression” as
applied 1o sea levels is poorfy adapted to a succession of autechthonous
evaporite minerals. Following conventionai practice, Hite {1970, p. 61
described s recessive # sequence of evaporile mimerals uccompanying o
lowening of sea level, but the evaponite facics he descnbed display the
results of an actively “transgressing body of brine”; ir: ascending order;
anhydrite, halite, patash. The important facrors as seen preserved in the
evaporite rock record congerned the composition and conoentration of
the parent brine, as welt s the geornetry and migration of ihe concentra-
tion gradients within the brine a5 these factors relate to a peint on
bottam, aot the mavement of a distant shoreline.

We belteve the cancept of a “transgressing-regressing body of brine”
te be valid and helpful in undesstanding evaporine rocks, however, the
uttempl o explain Lhe concept with terms so Brody Fanked to the move-
ment of shorelines has been criticized. Other terms, such as "prograde”
ang ‘'retrograde” can also be confused with shoreline movement and/ar
metathomhic change. The modern use of “pragressive™ and “regressive™
gererally tmplies metamorphism, although “progressive overlap™ as
used by {rratuu i 1906 to describe n spreading of the “zones of deposi-
tion" ” {Gloss, of Geol. AGI, 1972, p. 369 fits the concept very nicely.
A “zane of deposition”™ a5 defined by a given concentration gradient can
spread, expand, transgress, prograde, advance, or migrate over a specific
site on the sea Beor. I the concentration gradient enclosing the spreading
pody of brine separates brines capabie of depositing hatize from brines
less concentrated, then the transgression of that brine body will be evi-
denced by halite over saifate. Thus, the halite will show a "progressive

e
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Figura 28. ideales Strémungsbilc in einem gleichffrmig gaswlteten Sstisee bei gleichmiaZigem Zustrom und Windstitlg, (tdesl circulstion
pattern in & symmatrical salt loke with radial inflow uninfluenced by wind), From Lotze: “Stetnsalz und Kalisslze,” Gebruder Borntraener,

Berfin/Swtigart, 1957, page 96, Abb. 48,

1008 Feet x 300 Miles Without Vartical Exaggeration

o 10-400"
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Figura 28, Circulation in a basis restricted Dy shallow water margins and having convergant influx and radial refiux. The most concentrated sur-

fage brings are near Mid-basin {After Matthews, 1873,

remaining fons continue to accumulate in solution. The
arrest or stabilization of a oycle in dynamic equilibrium
would be impossible withouot reflux (King, 1947; Scruton,
1953; Hite, 1970).

Absence of reflux. Fourth, if no reflux of bittern brines
out of the basin is permitted, and the other factors favor-
ing increasing sea water concentration do not change, the
cyele must move to the eventoal deposition of potash salts
regardless of depih. Borchert and Muir (1964) have said.
“Webelicve that a wide range of depth is still possible even
in the last stages of precipitation when the potash salts
have started to separate out. Thers is absolutely no need
for this phase 1o be associated with very shallow basins of
with complete dessication” (p. 43). Hite (1970) has siated
that “without reflux the evaporite deposiis of all basins
would include 1he full specerum of evaporiic minerals .. .
{p. 50).

Rodial or convergent inflow. Fifth, the number and dis-
tribution of inlets exerls a strong influence on the pattern
of evaporite facies distribution within the basin. In 2 one
infet model, the densest surface water will be found atong

shore, away from the inlet or open ocean (Briggs, 1957,
Scruton, 1953). Bui Briges and Pollack (1967} showed
that radial or convergent influx was more realistic for
Michigan. Now with convergent inflow, the densest sur-
face water will be near center (Lotze, 1957) (Fig. 28).
Surface water will then slope down 10 a low area of mim-
mum surface movement in a central position of the basin
(Fig. 29). This surface low will contain water which is as
concentrated as any in the basin (Matthews, 19704). These
centrally located brines will sink under the surface low.
Bottom currents of this brine will move from under the
surface [ow iato any zceessible lows i the basin floor.
Survivai of the evaporite minerals deposited in a basin
receiving radial influx will occur first in the deep central
part of the basin under the surface low. The densest brine
in the system will sink and transgress the basin floor from

umiap” over the sulfate, and this geometry will be unrelated 1o any lacal
shoreline. The “onlup™ will have cceurred some unknown distance from
shore and b1 an gndetermined depth of water. We are dealing with o
“submaring transgression.”

e A

Ly



i} Fourth Internstionst Symposium on Satt—Nerthem Dhic Gaological Society

the center outward toward the rims. In the center of the
basin the heaviest brines will be continuous from the sur-
face low to bottom, and in this way, the dense bottom
brine will remain in contact with the sclar evaporation
process even in deep water,

As the cvaporite cvele continues in the direction of
increasing concentration, this brine body will transgress
across the basin floor and the central column of sinking
brine will increase in diameter. The densest brine will
always be found under the surface low in the core of the
sinking column. Bromine values in any halite bed depos-
ited in such a manner will decrease toward the edge of the
basin; such a decrease has been observed (Holser, 1966,
Kunasz, 1970).

The lightest marine brines in an evaporite basin are
always those entering. Being less dense than the brines
already in the basin, the influxing brine will foal in oo top
of the existing brine surface and move toward the area of
greatest surface water concentration. The new influxing
water witl not shide down the slope of the sea foor as a
botrom current.

if the mmflux is not totally radial or convergent then
seime parts of the basin margins may develop characteris-
tics of a “distal shore.” In that case, the denser brines will
shift from an idealized central location toward that “distal
shore.” Brines will continge to sink under the surface low
and, if the surface low shifts toward a “distal shore” be-
cause of uneven influx, a bottom current can develop
which could transgress from “distal edge” toward basin
center as envisioned by the advocates of one inlet model.
In that case, bromine values in any given salt bed could
decrease away from the “distal edge™ toward hasin center:
such a decrease has been described by Baar (in Schwerdt-
ner and Wardlaw, 1963, p. 243).

Cooling. Sixth, an expected cooling at depth, wil} con-
tibute to the bottoin growth of crystals. Borchert and
Muir (1964) have stated that, “cryophilic sy¥ivite would
lend to accumulate in the deeper, cooler basins, while only
thermophilic halite might develop in shallower, warmer
waters” (p, 199). Braitsch (1971) concludes that, . . .in
large salt seas the greater part of the salts, particularly the
chlorides, are precipitated as a conseguence of the ¢cooling
which occurs as the saturated solution sinks into the basi-
nal solution™ {p. 262). Others have cited laminated solar
ponds and believe that lower level brines should be
warmer {Garrett, 1970; Hite, 1970).

CONCLUSIONS AND IMPLICATIONS

Depositional history in Michigan

Early basin conditions. We believe the thickness and
relative purity of the A-1, A-2, and lower B Salts are best
explained by the inertia of a large mass of brine found only
in a deep basin. The 1967 study led the senior authoer to

conclude that the Michigan Basin was 600 or more fect
deep in mid-basin before the first anhydrite of the Cayu-
gan was deposited, deep enough to receive the A-1 Sale
without filling (Matthews, 1970a}). We believe this to be
stitl vatid. The deep basin origin of these salts has been
proposed by several, most recently by Rickard (1969 and
1970).

We picture the early basin as a deepening depression in
an otherwise relatively flat sea floor, The bottom slopes in
the basin were gentle, in the order of 111000

The New York-Ohio evaporite basin was not vet re
stricted beyond the point of carbonite deposition, for the
oldest evaporite there is not as old as the A-1 Salt (Ukeig,
1963; Fergusson, et al, 1968; Rickard, 1969).%

We believe that the wuler-covered approaches fo the
Michigan Basin were wide and shallow and the water
entering the basin was more saline than open ocean water.
The influx of water was essentially convergent and barri-
ers, when they developed, were as much a matter of the
dynamics of shallow water margin conditions as they were
of physical barriers, such as reefs. The numerous reefs and
extensive carbonate banks around the rims Lad consider-
able relief and certainly they contributed to the degree of
restriction in the early basin. We believe, however, that the
inlets were numercus and that the reefs were “leaky,” i.e,
retatively permeable. The dry land exposed in these scat-
tered reefs and associated island arcs during periods of
fowered sew level was of small arcal extent. Shorelines
were of little consequence to earliest mid-basin avaporite
deposition, but they became more important with the pas-
sage of time as the source of wedges of waterborne clastics,
found near the basin rims, which occur more frequently
in the younger salts.

Clastics in salr. We beliéve the relative absence of clas-
tics in the first few salts is evidence that most of the
marginal areas were waler-covered through the first three
evaporite megacycles. No extensive source areas wete ex-
posed to sun and wind for any great length of time.

Water movement was slow within the restricted basin
and waterborne clastics tend 1o appear ax local marginal
weadges. As the mid-point of the megacycle is likely to
coincide with the lowest water stage over the basin mar-
gins, a time when the reefs are exposed, these waterborne
clastics can be expected to occur most frequently in a
mid-position of edge sali, assuming little or no loss of the
“recessive” salt (Fig. 30).

Windblown clastics are also to be expected at mid-cyele
but their lateral extent is guite different; these clastics will

*During a Conference on Silurian Stratigraphy held April 23.24, 1973
at the Univers:ty of Michigan, Ann Arbor, Michigan, Arie Junssens of
the Ohio Geological Survey suggested that snhydntes is Ohiv, formerly
assigned to the B Unit, may be correlative with the A-1 Evaporite and
A-2 Evaponie in the Michigan Basin.
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Figure 30. Clastics in helite lenses, A, Water-borne, Sasin margic
partigily exposed at mid-cycle. Reef tops erode; B. Wind-blown.
Basin margin widely expased at mid-cycie. Epsiric ssa bottorns ax-
posed to subaerial erosion; O, Wind blown sheet s always associated
with. water-barne wadges {Marthews, 1970a).

tend to form thin sheew covering large areas, Windblown
clastics will mark periods of exposure of extensive mud
fiats and recent ocean bottoms outside of the basin proper.
They will represent “'time lines.”” Numerous authors have
considered wind transport for various types of clastic de-
posits in salt {Borchert and Muir, 1964; Delwig, 1955
Adams, 1969). As sea level Jowers enough to expose
source areas for windblown material both types of clastics
will oceur together,

Regardless of how the allochthonous clastics were
wransported, we believe their absence is evidence that no
large local source for clastics was available,

Potash in solt If a deep water megacvcle reverses
slowly enough, most of the recessive salt above the potash
will be preserved, there will be no break in sedimentation
within the salt, and if the rims remain water-covered, no
clastics will be present (Fig. 31). If the potash is the result

23

Figure 3%. Potask in bobite feoses, A Deep basin powsh. Basin mar-
gins warer covered throughout the oycle. Soms sub-agueous resolu-
nar of “recessive’” sait: B, Shallow watwr potssh armored by wind-
blown ard other clastics and covered by redeposited salt, Margins
ard mest of basin exposed at mid-cyclz {Matthews, 1970a).

of a shrinking sea or evaporation to dryness, there remains
the problem of preserving the highly solable deposits dur-
ing the last half of the cycle yet to come. The most com-
mon preservative 1s 4 clastic armor, generally windblown,
accompanied hy waterborne clastics and brine containing
re-dissolved halite. The potash will be associated with an
erosional unconformity. The placement of the potash in
Michigan more closely resembles the ideal deep basin pot-
ash {Compare Figs. 22 and 31).

Control by eustatic changes in sea level The degree of
restriction in the deep Michigan Basin was controlled by
eusiatic changes in sea level (Fig. 32). These changes in sea
ieve] were similar to suggestions made by Silver and Todd
(1969) for the Permian and by Peterson and Hite (1969)
for the Pennsylvanian. Concerning Michigan, similar con-
trol has been advocated by Rickard (1969) and most re-
cently by Mesoleila {1972},

Dwuring mid-basin potash deposition, & very small rise
in sea level increased the influx and permitted reflux cur-
rents to move out of the basin for the first time. This
gradual start of reflux of bittern brines out of the basin
caused the evaporite megacycle of the A-1 to reverse very

ELusiatle Movamant — rise and fall of zec lewst
ol 20O Peal In 15 million yeads or less.

Cenatant efmvation reialive Yo
the cenler atf the sarth.

Epsirageny — subzidénts of adou!
Q0% feel in 1T ailltion yecrs of
lesy in mid-hasin.
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Figura 32, Factors controiling the farmatian of mid-casin Saiina evaporite cvclothems in Michigan (Matthews, 1970al.
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slowly and potash deposition was interrupted. It is proba-
ble ihat much of the diluting infiux during the latter stages
of the A-| Salt megacycle came from the north or north-
east. Re-sojution of halite above the potash occurred in
northern Michigan and an unknown volume of northern
potash was Jost during the recessive phase of the megacy-
cle,

The A-1 megacycle ended, while in & halite phase, with
2 rise in sea level sufficient to end the influence of sea floor
shape on surface flow. The dense mass of brine in the
basin, eoncentrated to the point of halite deposition, was
trapped. These heavy, stagnant brines were removed from
surface evaporation. Halite deposition stopped. Deposi-
tion changed from halite to carbonate directly without
much sulfate. Oxygen was no fonger carried to bottom.

The A-1 Carbonate deposition was slower than the rate
of mid-basin subsidence.

The end of A-1 Carbonate deposition was caused by a
lowering of sea level to carlier evaporite levels with the
basin Fims remaining fargely water-covered as before. In
this way, the trapped body of brine, still concentrated to
the point of halite deposition, was again rather suddenly
exposed to evaporation. Bottom sediments reverted from
carbonate to halite with a minimum of sulfate, which
might otherwise be expected if a normal concentration
cycle had had to start anew. The A-2 Salt megacyele
moved quickly to halite deposition without clastics. Dy-
namic equitibrivm was soon established in the halite range
and, because of early reflux, due in part to trapped brines,
poiash concentrations were never reached. The A-l depo-
sition had caused a partial filling of the lowest parts of
what still remained a deep basin, and this partial filling
also contributed to early reflux. With reflux and basinal
circulation started, oxygen again reached bottom.

The second inter-cyclic carbonate, the A-2 Carbonale,
was the result of high water as was the A-]1 Carbonate,

The B-Salt began with trapped brines left over from
carlier cycles as did the A-2 Salt.

The trapped brines received some considerable volume
of re-dissolved halite added as the basin subsided and sea
floor salt arcund the edge of the deposit was exposed 10
the lighter surface waters where the salt was subaqueously
re-dissoived (Fig. 33}. The younger salts, A-2, B, D, and
F's show rather low bromines as a result. Eighteen Dow
analyses from younger salt in Michigan averaged only 160
ppm and five of the group were 50 ppm or less, The D-Salt
from a well in Ontaric® {Fig. 19) averaged 55 ppm with
27 samples that ranged from 29 ppm to 83 ppm. Kunasz
(1970} reports bromines from edge salts in the F Unit
ranging from 35 ppm to 59 ppm.

We conclude that each of the younger cycles contained
a substantial portion of re-dissolved, second-generation,
bromine-deficient halite. Bromine profiles in the younger
salts are not a true measure of the concentration Jevels of
the brine in those megacycles.

Figure 33, Subraqueous re-$oiutian of sait exposed 1o unsaturated
surfoce layer water., Razpresents north-south secicns through the
Mickigan Basin. A, Post-A-1 Sate. 9. Upper salts in north redissoived
as basin subsides, C. A-1 Carhonate degotits.

In support of deep-water evaporites

We have interpreted the data presented here to indicate
a deep-water origin for the A-1 Salt, the A-2 Salt, and the
clean salt of the lower B Unit in mid-basin. We believe the
bathymetric basin to have been ifs deepest at the close of
Niagaran, and that it became progressively shallower with
the end of each evaporite megacycle. The basin was inter-
mittently a “filled” basin by the time of late B-Salt deposi-
tion (Fig. 34). The salts of the D and F Unts, which
correlate with the Syracuse formation of New York State,
appear to have deen deposited in relatively shallow water.

Basin subsidence vontinued throughout the Cayugan
but not until near the end of B-Salt deposition can one
picture a shrinking sea with epicontinental sea bottoms
exposed to wind and wave as a source of clastic sediments.
Thus, the individual evaporite cyclothems and the pres-
ence of absence of clastic material, foreign to Shaw's
(1964) pure autochthonous evaporite succession, can be
used to estimate the fluctnations in water depth over the
basin rims,

Unlike a marine beach sand, the depositional edge of an
evaporite facies does not define a shoreline, but only marks
the extent of a transgressing body of brine acting on bot-
tom. Schmalz (1966) has pointed gut that as changing
conditions cause gradients to migrate within the basin
there will be a corresponding displacement of the facies
boundries and that these changes, “. .. will be reflected
in the evaporite sequence as transgressions of regres-

sions, . .. (p.4). The zones of facies deposition in the A1,

Evaporite indicate, not a shrinking sea, but rather that
there was a three dimensional zonation of brine within
the basin,

*Dow 43 Dow Farm, Con XII, Lot 24, Moore Twp, Lamblon Co.,
Oniario, approsimately 3 miles (3.8 km) ENE of Corunna, Ontario,
Canada.
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1. Vertical variation of the bromine profiles, a varia-
tion which appears not to be random, but to fit a broad
range patiern paralieting the “smoothed” curve, suggests
to us that the salt precipitated from two sources, ie. a
surface brine of one concentrated and a second more con-
centrated bottom brine.

2. The ratio of bromine in sylvite to bromine in halite
is200r 15to Lin the A-1 Salt ar Midland (Fig 7). Braitseh
states that 10 1o 1 15 normal. We beheve some of the halite
came from a different brne, Le. surface water, and the
sylvite came from a deeper brine.

3. The Michigan sylvite may have been formed by the
mixing of two brines as proposed by Raup {1970} who
reparts that, “Experiments using artificial and seawater
brines indicate that halite and sylvite can be precipitated
by mising brines of differing stages of evaporation . .:
and “Sylvite could be precipitated as a primary mineral,”
(p. 22486).

No unconformity when A-I Potgsh was deposited. If the
mid-basin potash deposition were associated with a
“shrinking sea” or the local product of the shallow waters
of tidal flats, saft pans or sabkhas, there should be ample
evidence of erosional unconformity at the strafigraphic
position of the potash. Adams (1970) points o the discon-
formities and clastic-bearing intervals within the evaporite
stratigraphy of the Salado Formation, as evidence of the
shallow water environment of potassium deposition in the
Carlsbad District. Lacking such evidence within the A-l
Salt, shallow water in mid-basin 1s denied and deep water
is inferred.

1. No clastics are found in, over, or immediately lateral
to the stratigraphic position of the potash.

2. Mo sccond-generation, redeposited, bromine-defi-
cient salt is associated with, over, or immediately lateral
to the stratigraphic position of the potash.

1, Bromine profiles of the A-1 Salt show gentle rever-
sals above the potash in the recessive salt during the dilu-
tion phase, not abrupt changes (Fig. 15

Mid-basin facrors. There appears 1o us to be a world-
wide relationship between thick evaporite deposiis and
those basins showing the greatest rate of subsidence; also
between the position of evaporites in the geclogic column
and the period of greatest subsidence in any given basin;
also perhaps, between the most soluble evaporites and the
periad of fastest subsidence in any given basin.

1. The thin Niagaran rocks of mid-basin suggest to us
deep water in a “starved” basin,

2. The five or six thin, black, calcareous shales having
a sulfurous odor present in mid-basin in the basal A-1 Salt
are believed to be rocks laid down under the euxinic condi-
tions expected it a deep basin with restricted circulation
(Fig. 16). We believe the basin depths were euxinic during
periods when no reffux currents existed; the carly part of
the A-1 megacycle was such a period. Otherwise, when
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Figure 35. Broming profiie of the A-1 Salt in the Dow H8 Salt—
“smoothed” curve,

salt was being deposited and reflux currents had estab-
lished a basinal circulation, the sinking of the centraliy-
located, oxygenated, highly saline, surface waters
prevented stagnation of the deep basin (Sverdrup, et al,
1946, n. 1087). It should be noted that the younger salts
are not known 10 contain any similar black, sulfurous,
shaley beds.

1. There appears to have been no loss of potassivm nor
bromine ions out of the basin during the first half of the
A-1 Salt megacycle, This suggests a large storage space for
brine, as we estimate the velume of the resulting selvinite
zones in ferms of several cubic miles,

4. The vertical position of the potash (in the upper haif
of the A-1 Salt} generally conforms with the decp water
theory advanced by Schmalz (1969) in which he stated,
“. .. the basin will be half filled with anhydrire and halite
by the time the brine . . . becomes concentrated enough to
atlow the accumulation of the high-solubility salts,” (p.
810).

5. The absence of mid-basin potash in salts younger
than the A-1, is attributed to us to the early development

of reflux currents, in part duc to the shallowing of the

bathymetric basin with fime, but also to the carry-over of
“trapped” brines. If late B, D, or F potash deposits exist
in Michigan or in the New York-Chio Salina basins, they
will be found in distinetly marginal sub-basins separated
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from the main basin, as in fhe case of the Lower Rhine
deposits, not in mid-basin as 15 the A-1 Potash.

6. The sulfate-deficiency of the Salina cvaporites is In
part due, we believe, to carry-over of “trapped” halite
hrinecs, A Vtrapped’” brine imphies storage space. e deplh

7. Even modest slopes require the basin cenier o be
appreciably deeper than the rims; in a 300 mie (480 km)
dameter basin a slepe of 1 ia 1000 results in 800 feel
(420 m) of depth.

Rim and cdge-basin factors

The identification of carbonate facies equivalent to
mid-basin evaporites has not been arternpted here. The
Hierature contains a degree of conflicting opinions con-
cerning the relationships between marginal reefs and eva-
porites and as one moves away from the Michigan Basin
out onte the approaches to the evaporite basins of Michi-
gan-Ohio-New York, where cvaporites are lacking or
poorly preserved, the disugreement over correlutions
becomes THOTE $erious.

1. Gill and Briggs (1970) identificd debris tound under
the A-1 Evaporite to have come from the top of a recf.
They call this unit A-Zero. The reef, near rhe basin edge,
is over 400 feet high. Thas, water depths of 400 feet
(120 m) over the margins existed for some unkoown time
before the first evaporite was deposited out near that mar-
gin of the basin.

2. The contaminated, non-evaporite fraction of “dirty”
salt inclodes some materials we believe are allochthonous
clastics. The clean, inrer-bedced salt does not contain
transported nrarerials. Many of the clastic beds within the
B, D), and I Salis have been traced across Michigan o
New York State. We believe the widespread clastic por-
tions are probably windblown, waterdeposited material.
But whatever the mode of transportation. we attribute the
alternation of clean and “dirty™ sait to the presence or
absence of a source area: clean salt was deposited when
eitensive source arcas were not available, “dirty” salt
when very large source areas were available, The source
areas, we believe, were great expanses of sex bottom, out
beyond the busin proper which couid be exposed to the
sun and wind by a slight lowering of sea level Converscly,
a slight rise in sea fevel could chiminate the source. The
approzches to the basin can be expected to show evidence
of trequent and large-scale erosional episodes relaled tn
nmie 10 the mid-basin deposition of “dirty” salt and to
many of the nor-evaponte rocks of the Salina Groop,

The general lack of clastics in the A-1 Salt. A-2 Salt,
and the lewer parts of the B Salt suggests that there was
no amportant source for clastic scdiments (regardless of
the mode of transpartation} and. thercfore, the ap-
proaches to the basin were largely water-covered, Reel
tons und exposed land arcs were sources for focal water-
porne clastics but we do net consider them large encugh
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i areal extent to be a significant source of windblown
chastics.

As we have found no clastics assoctated with the A-1
Potash zone, we congclude that the potash was deposited
in mid-hasin at a time when the basin rims were largely
watar-covered,

Perspective

This study was busi-center-oricnted and the probiems
were vonsidered from mid-basin looking toward the mar-
gins, Most other workers have stadied the shaliow-water
deposits and crosional features on the rims and looked
inward, This difercat potat of view may explain differ-
ences of opirion, Certainly there is much vet to be done
on Michigan salt und potash.
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