Gamma-Ray Logs and the Origin of Sait

ABSTRACT

Stratigraphic relationships in the Upper Silurian
Salina Group in New York, Pennsylvania, Ohio and
Ontarto have been deiermined through a study and
correlation of 435 sample and gamma-ray logs. Al
though the Michigan and Appalachian basins are
struciuralty distinct, nearly identical rock units can
be recognized i each. Subsurface unils in these
basins have been correlated with formations de-
fined from surface exprosures,

The Vernon Shale of New York correlates with

the Bloomsburg and Wills Creek formations of

Pennsylvania and divisions A, B, and C of the Mich-
wan subsurfuce. The Syracuse Formation corre-
sponds Lo the fonoloway and divisions D thru F4,
The Camillus and Bertie formations are equivalend
to the uppermast Tonoloway and lower Keyser
and division F3, F6 and G,

In the Appalachien basin salt beds occur in lhe
Vernon and Syrucuse formations. Vernon salls can
be iraced 300 miles from contral Michigan through
Ohio and Pennsylvania into central New York. Cer-
tan deflections on gamma-ray logs can be traced
aver GO0 mules from weslern Michigan to central
New Yaork. Comparison of gamma-ray logs suggests
Lhat thick halite beds formed rapidly relative to the
deposiiion of intervening rock layers, supparting
the propusition that basin floor subsidence occurs
before the deposition of salt beds. 4 hypothetical
depositional model suggests that saits formed in
bath shallow and deep waier at rates 100 times
those of the intervening sediments.

INTRODUCTION

The Salina Group consists ol shales, dolomites
and evaporites of Late Silurizn age that occur in
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the Appalachian and Michigan basins. This report is
a brief summary of the resulis of a three-vear study
of the subsarface Salina Group. A more compre-
hensive and detailed report,? Including maps and
cross-sections, was published by the New York
State Museum and Science Service in 1969. Sample
logs and gamma-ray logs from about 435 wells
drilled for oil or guas were utilized in this study,

STRATIGRAPHY OF SALINA GROUP

Detailed studies were undertaken throughout an
area which included parts of New York, Pennsyl
vania, Ohio and Ontario. This area constifutes ihe
northern end of the Alleghany syneclinorium-—
hounded on the north by the Adivondack dome
and Canadian Shield, on the cast by folded and
metamorphosed lower Paleozoic rocks and on the
west by the Findlay and Algonquin arches. The
Appalachian basin is structurally distinct from the
Michigan basin. However, in the Salina Group
nearly identical subdivisions can be recognized in
each basin and traced across the intervening arches
from one hasin into the other,

The swratigraphic subdivisions of the Salina
Group recognized in these two basins and their cor-
relation are shown in Figure . The Salina Group
was originally defined from surface exposures in
New York State, but because of the poor quality
of these exposures only a partial understanding of
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Figure 1. Correlation of surface and submirface units,

the stratigraphy of the group was developed. In
1945 K.K. Landes published a description of the
subsurface Salina Group of Michigan. The sequence
of units defined A thru G, with only slight modifi-
:ation, has become the standard for the Michigan
»asin and for the subsurface Salina Group every-
vhere. Surfiace exposures of the Salina Group are
elatively few, poor and incomplete. Much more
a5 been learned from the study of subsurface well
lata over the past 20 vyears than through the ef-
orts of many geologists examining surface expo-
ures during the preceeding 100 years.

The relationship of Landes” subsurface divisions
o> formations defined from surface exposures is
rown in Figare 1. The type of the Salina Group is
1 New York State where it consists of 4 forma-
ons: the Vemcn, Syracuse, Camillus, and Bertie.
he group is underlain by the Lockport Dolomite
wd overlain by the HLIderberg or Onondaga lime-
ones. It is 2,500 feet thick in north-central Penn-
‘lvaniz but in the Michigan basin attains a thick-
w8 of 4,000 feet.

The Vernon is a red shale in eastern New York
it the hthulogy changes to green shale, dolomite
\d even salt in central and western New York, [t
S a tripartite nature that correlates with the sub-
tface divisions A, B, and €. To the cast it be-
ymes  coarser and thicker. It correlates in
uthcastern New York and eastern Pennsylvania is
¢ Bloomsburg Formation, a large deltaic deposit
er 2,000 feet thick., The Wills Creek Formation
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of ceniral Penmsylvania corresponds to the middle
and upper Vernon of New York, the subsurface
divisions B and (. _

Salt beds several hundreds of feet thick occur in
divistons A and B in Michigan. In the Appalachian
hasin, much thinner salt beds ocour in Unit B but
none are known from Unit A. The uppermost bed
in Unit B is mined at Retsof, New York, 35 miles
south of. Rochester, m the largest salt mine in
North America. This mine has been in continuous
operation sincc 1884,

The Syracuse Formation corresponds to Units
D, E, and F of the Michigan sequence. The Syra-
cuse 15 a mixture of shales, dolomites and salt beds
1,500 feet thick in north-contral Pennsylvania. In
the Appalachian basin it is the major salt-bearing
division of the Salina Group. Approximately 4.3
triflion tons of salt underlie 10,000 square miles of
New York State. Eighty percent of this salt is in
Unit F,

In Michigan, Unit F has been subdivided into a
series of couplets, each coupler composed of a salt
bed and an overlying unit of shale, dolomite or
anhydrite. Although the salts of Unit F are not
continuous from the Michigan basin into the Appa-
lachian basin, the same sabdivisions of Unit F can
be recognized mn the latter area. This is possible
because of the unique gamma-ray log signatures of
the rock units. Consequently, we now know that
the youngest salt beds in the Appalachian basin are
those of F5. No salts equivalent to Fé of the Michi-
gan basin are present. However, the non-saline por-
tions of the F5 and F6 couplets are present. These
are the Camillus and Bertie formations of New
York.

The Syracuse znd Camillus formations of New
Yaork correlate with the Tonoloway limestone of
central Pennsylvania, Maryland and West Virginia.
The overlying Bertie is equivalent to the lower por-
tion of the Keyser limestone of that area. The base
of the Bass Island ol Michigan correlates with the
base of the Cobleskill of New York und the
Gypidula prognostica zone of the Keyser of Penn-
svivania. Upper Bass Izsland may be as young as
parts of the Helderberg of New York and conse-
quently would be early Devonian in age.

The salt beds of Unit B will be of interest to
geologists seeking the origin of salt. These beds
have une outstanding feaiure—their persistence.
Figure 2 indicates the great lateral extent of the 8
salt beds usually encountered in Unit B. Three of
these can be traced from Michigan thru Ohio and
Pennsylvunia into west-central New York, a dis-
tunce well over 300 miles. The Appalachian basin
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was not a graben or a long narrow trench. Rather it
was a broad basin, connected with the Michigan
basin through the Chatham sag in extreme south-
western Ontario, ‘The persistence of these salt beds
over such 2 broad area implies great extent and
uniformity of the structural and chemical condi-
tions respensible for the deposition of salt,

A second feature worthy of note is the deflec-
tion in the gamma-ray logs labeled “‘cb”, shown in
Figures 2 and 3. This deflection in the lower por-
tion of Unit C has been observed on logs of wells in
Michigan, Ohio, Ontario, Pennsylvania and New
York. It can be traced from western Michigan to
east-central New York, over 600 miles. As a strati-
graphic marker and probable time-line it can be
maiched only by the Tioga bentonite of the Middle
Devaonian,

Salina rock and evaporite units have character-
istic, often unique, gamma-ray log patterns that
can be recognized over broad areas as suggested by
Figure 3. Certain specific deflections can be
pointed out as important horizon markers of
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widespread occurrence. Consequently, the strati-
graphy and inferred geologic histories ol the two
basins, Michigan and Appalachian, are very similar.
Three conclusions seem warranted by these obser-
vations: {1} Salina units are essentially time-rock
divisions. If they varied in age, it is unlikely that
their characteristic or unique patterns would be
maintained far such great distances. (2) Both the
Michigan and Appalachian basins were in the same
climatic zone with few or no important dimatic
differences between them. (8) This climate must
have been the most important factor controlling
sedimentation. Events, such as the initiation and
cessation of halite deposition, or the formation of
such thin beds as horizons “cb”™ and “hp”’, scem to
have occurred simultaneously in both basins. No
factor other than climate appears to have been able
to account for the widespread occurrence and uni-
formity of depositional sequences during Salina
time.

DEPOSITION OF SALINA EVAPORITES

Three conditions generally are held essential for
marine deposition of the evaporites gypsum, halite
and potash:

1. An anid, but not necessarily hot climate. This
is required to maintain an adequate rate of evapo-
ration,

2. A depression or basin in which the concen-
trated brine and precipitates may be collected. The
connection between this basin and the open sea or
ocean must be more or less restricted by some

fetch of very shallow water, or a series of smaller,
shallower “fore Basins.”

3. An abundant supply of sea water contaming
the dissolved minerals.

Inasmuch as the amount of salt in sea water is
less than 3 percent, tremendous volumes of water
must be evaporated to produce a bed of halite sev-
eral tens or hundreds of {vet thick. For example, it
has been calculated that a thousand feet of water
would yield a bed of salt only 15 feet thick. It
seems very unlikely that the initial depths of the
basins were large enough to accommodate the en-
tire volume of water necessary to precipitate a
thick bed of salt. On the other hand, there is evi-
dence, such as cross-bedding and ripple marks, that
has been interpreted to mean that at least some
halite is deposited in very shallow water, perhaps
not over 10 or 20 feet deep. To reconcile these
apparently conflicting ideas geologists have offered
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two hypotheses: (1) a continuous influx of sea
water gver the barrier and inte the basin during salt
precipitation and (2) a continuous subsidence of
the basin floor to make room for the accumulating
deposits, The first hypothesis remains in good
standing but there is a growing body of evidence
that many salt deposits did not form in shallow
water and that 99 percent of the subsidence of the
basin floor takes place before salt precipitation be-
gins.

Richter—Bernberg, Borchert and Muir, {following
their extensive study of the German Zechstein
evaporites of Permian age, concluded that where
thick evaporite sequences occur, the major portion
of basin subsidence took place prior to the deposi-
tion of salt. Halite may accumulate at rates up to
140 mm per yr, For the Zechstein, rates of 20 to
80 mm per yr. have been suggested. In contrast, a
rate of subsidence in excess of 1 mm per yr. is
considered unlikely except in tectonically very ac-
tive areas. Values of 0.3 and 0.03 mm per yr. have
been calculated for the Gulf Coast and Appala-
chian gecsynclines. One may conchude thai,
although the overall average rate of sedimentation
may be less than or only slightly greater than the
rate of subsidence, the initial depth of the basin
must be of the same order as the thickness of salt
which sccumulates within it. What are the alterna-
tives? Increasing the rate of subsidence would re-
guire implausibly viclent tectonism. Decreasing the
sedimentation rate would demand preservation of
Lhe essential but delicately balanced climatic, struc-
tural and chemical conditions for hundreds of
thousands, perhaps millions of years. Neither of
these seems o be an acceptable aifernative.

Two observations made during this study lend
support to this idea that subsidence precedes salt
deposition. In Figure 4 the patterns for the salt
beds of Unit F, have heen deleted from the
gamma-ray logs of wells in the center of the basin
where many thick salt beds exist. The remaining
pattern for such wells is very similar to that of
wells at the margin of the basin where salt was not
deposited. The total thickness of rock {non-saline)
strataz in Unit F in both types of wells is nearly the
same despite the presence of hundreds of feet of
salt in the deep basin wells. It is suggested, there-
fore, that the deposition of a salt bed, often scores
of feet thick, is an extremely rapid event relative to
the deposition of the intervening anhydrite, shale
and deolomite layers. If this were not so, one could

reasonably expect that some sort of deposition
would have occurred in the marginal areas during
the supposedly long period of salt precipitation in
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Figure 4. Correlation, margin to basin center.

the center of the basin. Consequently, one could
not match gamma-ray logs in the fashion shown in
Figure 4. In other words, when salt was being de-
posited, little or no other sedimenls were being
deposited.

Figure 5 is a plot of the total aggregatce thickness
of salt in Unit F against the thickness of the unit.
This graph indicates that the increase in thickness
in Unit F is almost entirely due to the addition of
salt. Only 15 feet of non-saline rock is added for
every 100 feet of salt.

One may make three conclusions here: (1) It ap-
peats likely that the accumulation of thick deposits
of salt requires the prior establishment of a basin
whose depth is of the same order of magnitude as
the thickness of the deposits. {2) The rate of salt
precipitation probably was considerably greater
than the rates of depositien of the intervening
strata, {3) It is also probable that, at least before
and alternating with deposition ol the salt beds,
the sedimentation rates for associated rock strata
were significantly less than the subsidence rate.
Otherwise, deepening of the basin would not occur
and space for thick salt deposits could not develop.
An alternative is to infer long peviods of subsidence
without depasition of any type. This would permit
the formation of widcespread disconformities in the
sequence.
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SALINA DEPOSITIONAL MODEL

An attempt has been made to gain some und
standing of the quantilative aspeets of Sal
evapotite deposition through the nse of a hyy
thetical model. Seven walls were selected for .

tailed analysis:

three in the center ol

Appalachian basin, three near its margin, and ¢
in the center of the Michigan basin,

In each well each lithology was assigned a sp¢
fic depositional rate. Where several lithologies w
interbedded an average rate was applied. Caial
tion ol the number of vears represented by e:
Salina unit followed. An examination of th
initial calculations showed a not unexpected va
tion in the length of rime determined for each w
Inasmuch as cach division is a time-rock unit wh
houndzries approximate fime planes, an approj
ate length of time was selected for each unit. '}
depositional rates for cach unit in each well w
then adjusted to produce this time interval or
nearest approach to it. This adjustment resultec
the adoption of more rapid average depositio
rates for a well near the center ol the basin {
mm per yr.) than one in a marginal area (0.2 r
per yr.}. It also suggested the incompleteness of
depositional record in the marginal well,
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An average subsidence rate was determined and,
if reasonable, applied throughout the column at
cach well. They average 0.2 or 0.3 mm per yr. for
marginal wells and 0.3 to 0.9 mm per vr. for wells
near the center of the basin, Calculation of the rate
of change and amount of change i water depth
followed. Assumpfion of an initial water depth at
the site of cach well was then made, this assump-
tion in part dictated by the net loss in depth and
by the obvious requirement that deposition at no
time could proceed above sca level. Calculation of
the depth of water at the end of the deposition of
each Salina unit was then possible.

The model suggests deposition of the entire
Salina Group in about 1.5 m per yr. An estimate of
5 m per vr. has been made from a receni Siturian
corrglation chart and available radiometric dates.
Deposttional rates assumed in the model and
thought to be reasonable, would have to be re-
duced to less than one-third their present values to
account for such a long period An alfernative—
long periods of little or no subsidence or deposi-
o

The major assumptions made in the construction
of this depositional model involve the rates of dep-
osition and subsidence and the initial water depth.
Other data are established by simple calculations.
Depositional rates for shale, dolomite and anhy-
drite range from 0.2 to 1.0 mm per yr. In accord-
ance: with the theory earlier cstablished-~that halite
15 deposited much more rapidiy than the adjacent

rocks--a depositional rate of 20 mn per yr. was
assiimed  for sall. This is relatively conservative,
compared with raies cited for halite derived by
solar evaporation i modern salt pans. Yet it is 100
times the rate frequently assumed for shale andjor
dulomite in the depositional model. It yields a cal-
culated evaporation tate of 128 cm per yr. (30 in
per yr.), a rate that also is quite conservative, per-
haps more characteristic of terperate than tropic
climates.

The water depths caleulated for the end of each
Salina unit in some of the wells are shown in Fig-
ure b, For the Appalachian basin, & well {long
dashes) near the margin of the basin may be con-
trasted with two wells neur the center of the basin
(dots, solid line). This graph emphasizes several
assumptions made in the development of the
model and suggests certain other points. The nearly
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Figure 6, Hypothetica) water depths,

vertical scgments of ecach plot emphasizes the
rapidity of salt deposition and consequent rapid
basin filling. For example, 150,000 years are sug-
gested by the model for the deposition of the F1l
coupiet, But of this only 1,000 vears more or less,
is required for salt precipitation. This diagram also
suggests that the depositien of thick beds of salt
can be inhibited if the basin is oo shallow. Note
that the F4 salts essentially filled the Appalacivan
basin. There are wells in which F3 salts perform
the same function. Apparently, D, E, or F salts
failed to develap in the Appalachian basin because
this arca remained shallow after filling by B salts.
In contrast, the Michigan basin {short dashes) was
not filled by F4 salts, leaving space for the addi-
tional F5 and F6 beds. Although the model is
highly speculative and involves a certain amount of
“circular reasoning” it iv in keeping with the
theories that the deposition of thick evaporite beds
requires the prior establishment of a “decp” basin

and that salt precipitation proceeds at 2 rate¢ many

times faster than either non-saline sediment deposi-

tion or basin subsidence. It suggests that most of

the Saline evaporites were deposited in waters 100

to 400 feet deep; possibly as much as 600
feet,
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