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CHEMICAL CHARACTERISTICS AND ORIGIN OF
ORDOVICIAN K-BENTONITES ALONG THE CINCINNATI
ARCH
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Department of Geology, University of Cincinnati, Cincinnati, Ohio 45221

Abstract—K-bentonites of the Middle Ordovician High Bridge Group along the Cincinnati arch are char-
acterized by interstratified illite/smectite (I/S) clays with rectorite-type ordering. Approximately 20% of
the layers are expandable. They are structurally similar to I/S formed at temperatures exceeding 100°C
during burial diagenesis, however stratigraphic evidence and a color alteration index of < 1.5 for conodonts
in associated carbonates reveals they have never been deeply buried or subjected to temperatures greater
than 80°C.

Whole-rock samples of K-bentonites contain ~8% K,O and ~4% MgO, whereas the <0.1-um size frac-
tion contains 6-7% K,O and 5% MgO. By comparison with a hypothetical parent ash, these values represent
a net gain of K and Mg and a net loss of Si, Fe, Ca, and Na during post-depositional alteration. K-fixation
is accounted for by a layer charge imbalance arising primarily out of octahedral substitution of Mg*2 for
Al*3, indicating that the interstratification evolved from a montmorillonite precursor. The chemical char-
acteristics of I/S layers in K-bentonites developed early during the alteration of volcanic ash to montmo-
rillonite. Relatively high contents of K and Mg probably reflect both seawater and parent material com-
position at the time of formation. The composition and ordered stacking in K-bentonites was determined
by the composition of the original smectite rather than by the pressure-temperature conditions of burial
diagenesis.

Key Words—Bentonite, Chemical composition, Illite/smectite, Interstratification, K-bentonite, Rectorite.

INTRODUCTION

K-bentonite beds of Middle Ordovician age have
been reported from localities throughout eastern North
America as well as from parts of Scandinavia and west-
ern Europe (Kay, 1935; Weaver, 1953; Bystrom, 1956;
Bergstrom and Nilsson, 1974; Brun and Chagnon,
1979). Their clay mineralogy is typically dominated by
a regularly interstratified illite/smectite (I/S) in which
the swelling component accounts for 20-40% of the to-
tal structure. Accessory clays are commonly either ka-
olinite or chlorite.

Recent studies of clay mineral alteration during bur-
ial diagenesis concluded that ordered I/S phases de-
velop in response to increasing temperature and whole-
rock chemical disequilibrium (Perry and Hower, 1970;
Weaver and Beck, 1971; Hower et al., 1976; Boles and
Franks, 1979). This development is seen as one in a se-
ries of transformations between a smectite starting ma-
terial and pure illite, although the presence of 100%
non-expanding illite as verification of the completed
reaction is not always detectable. I/S in thick sedimen-
tary sequences develops a rectorite-type (or allevar-
dite-type) interstratification from 100° to 175°C and can
be represented by the reaction: Smectite + K* +
A+ — Illite + Si** (Hower et al., 1976). The required
Al and K apparently originate from the destruction of
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detrital K-feldspars and, to a lesser extent, micas. The
Al substitutes for tetrahedral Si in smectite and thereby
generates an overall increase in layer charge, which is
compensated for by K-fixation (Hower et al., 1976).
The application of this model to the interpretation of
clay mineral assemblages in both young and old sedi-
ments is made more attractive by the agreement be-
tween field evidence (Dunoyer de Segonzac, 1959; Sro-
don, 1978; Eslinger et al., 1979) and experimental
studies (Velde, 1973; Eberl and Hower, 1976, 1977;
Eberl, 1978) which supply answers for some of the im-
portant thermodynamic and kinetic questions involved.
If mixed-layer phases are thermodynamically stable,
their stability fields can be illustrated by activity-tem-
perature diagrams. However, if the mixed-layer phases
are metastable their paragenesis can be regarded as
more a function of time and temperature (Eberl, 1978).
I/S clays in K-bentonites clearly resemble the or-
dered I/S stage of burial diagenesis. However, these
clays are known to occur in geologic terrains which give
no evidence of ever having been subjected to the burial
conditions thought necessary to form them. For ex-
ample, the Middle Ordovician platform carbonates of
the Cincinnati arch in the eastern mid-continent of
North America are shallow water, cratonic sediments
deposited on the relatively stable margin of the Appa-
lachian basin. Several major unconformities occur in
the section as a result of the periodic removal of enor-
mous quantities of surficial cover during and after the
Paleozoic, thus preventing the accumulation of a thick
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Figure 1. Sample location map showing positions of cores
sampled (circles) and major cities (squares). Regional struc-
tural features are shown on the inset map. Isograds repre-
senting variation in the color alteration index (CAI) of con-
odonts in Middle Ordovician limestones are taken from Harris
(1979). Temperature ranges for equivalent CAl categories are:
1 = <50-80°C; 1.5 = 50-90°C; 2 = 60-140°C; 3 = 110-200°C.

sedimentary sequence. Further, the color-alteration in-
dices of conodonts in Ordovician carbonate rocks along
the arch indicate maximum burial temperatures have
not exceeded 80°C.

The non-clay minerals in K-bentonites include abun-
dant and well-preserved biotite and K-feldspar (Giinal,
1979). These minerals do not appear to have served as
the primary source of K for formation of the I/S phase
since they do not disappear systematically with the de-
velopment of mixed layering. Thus, it is possible that
if the I/S evolved from a smectite parent by means of
increased layer charge and K-fixation, (1) the whole
rock chemistry of the original ash must have been sup-
plemented by an external source of potassium sufficient
to form I/S with approximately 70% illite, and (2) the
tetrahedral substitution of Al** for Si** considered nec-
essary to create the layer charge must have occurred
at temperatures below the ~100°C threshold value in-
ferred for diagenetic formation of ordered I/S {Hower
et al., 1976).
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Figure 2. Stratigraphic column of a portion of the Middle

Ordovician High Bridge Group in central Kentucky showing
K-bentonite horizons (not to scale).

The purpose of the present investigation was 1o rec-
oncile the chemical and mineralogical composition of
some K-bentonites with regional geologic, mineralogic,
and paleontologic evidence regarding their burial his-
tory. To this end, a group of samples was chosen from
cores in the Middle Ordovician Tyrone Limestone and
equivalents along the crest of the Cincinnati arch from
southern Indiana across central Kentucky to north-
central Tennessee (Figure 1).

STRATIGRAPHY

The Tyrone Limestone in central Kentucky is part
of the High Bridge Group (Figure 2) and is a mixture of
supratidal, intertidal, and subtidal carbonate deposits
(Cressman and Noger, 1976). Dolomite in the High
Bridge Group occurs commonly in the supratidal facies
as finely crystalline laminae alternating with micrite and
as burrow-fillings in the subtidal facies. Cressman and
Noger (1976) concluded that the laminar form resulted
from dolomitization in tidal flats that were subjected to
extended subaerial exposure by an evaporative pump-
ing mechanism. Comparison with modern and ancient
carbonate sediments indicates a high-Mg, but not evap-
oritic environment during High Bridge time. Dever
(1974) described High Bridge carbonates with as much
as 15% MgCO, in a northern Kentucky core.

Three prominent K-bentonites occur within the Ty-
rone Limestone of central Kentucky (Figure 2). The
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“‘Mud Cave’’ bentonite of local drillers is found at or
near the contact between the Tyrone Limestone and the
overlying Curdsville Limestone Member of the Lex-
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nite of local usage occurs 4 to 6 m below the top of the g BR2RI=BEII &
Tyrone Limestone and varies in thickness from a few QR "TCee -~ 3
centimeters to 1.5 m. Some reworking of the original
ash by waves and bottom currents undoubtedly occurred, B RI{IR2R9357 T
however the influx of terrestrial clastics was so minimal QAR TICCeCe~ea R
as to preclude contamination of the K-bentonite by .
anything other than carbonate mud. The ‘‘Pencil Cave”’ | RR8EEREZ83Ize ¥
is the most persistent K-bentonite marker in the area. g |2 ARTTYee~e= &
Its probable equivalent in central Tennessee is the T-3 "g o
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Samples weighing about 10 g were crushed to pea- a -
size fragments and boiled for 5 min in a 2% solution of :/) 8lgangunresgsss g
Na,CO, (Jackson, 1975). This treatment effectively re- S |a gg-vres—c= =
moved all amorphous alumina and silica and replaced 5 ¥ =
. . . . w2
ez.isﬂy excl.langed catlpns with soc?num. Most samples 2 2 gomygaexzg 8
dispersed in 1 to 2 min, and all dispersed completely = 5 Gh~¥rnos~-3S3 @
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cy toward flocculation. The suspensions were then sep- 5
arated by centrifugation into <2-um and <0.1-um 2| R3B3RSKASR ¥
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Oriented mounts of the <2-um and the <0.1-um L gx—mscsc~c= <
fractions were prepared on glass petrographic “‘well”’ -
slides? b_y the smear method. The slides have an etched £12388=28%8%83 8|S .
depression 24 x 40 x 0.03 mm and lend themselves glhaaTroo~oco= o ‘f:;:
easily to the rapid preparation of clay mounts having Tl a2
. . . . 2]
identical thicknesses. After drying at room tempera- FIRILIAREREEZ & | 3 3
ture, the slides were placed in an ethylene glycol sat- Clpa—Yoeoe—S~ g |« 5
urated atmosphere at 60°C for 4 hr to insure maximum EE
solvation. Samples were scanned from 4° to 55°29 at 23283822288 5 (356
rates of both 2°26/min and 0.22°¢/min using filtered £l gantvecs—~c2 52
CuKe radiation and a General Electric XRD-6 diffrac- . ER
tometer operated at 40 kV and 16 mA. The proportional 0"020:?00 30 ON% SO €3
amounts of smectite and illite were determined from the G<LSXESZS S o )

0.2°26/min tracings of the <0.1-um samples using the
curves of Reynolds and Hower (1970).

2 Sold by Buehler Ltd. under cat. #40-8001.
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Table 2. Chemical analyses of the >0.1-um fraction of K-bentonites.

KB-28A KB-28B KB-28C KB-28D KB-28E KB-28F KB-28G KB-28H KB-20B KB-6C  KB-7C KB-22A  KB-29
SiO, 571 57.1 57.1 57.1 57.7 57.1 57.9 55.5 54.6 56.4 56.1 54.6 52.8
ALO, 20.4 20.7 20.4 20.7 20.4 20.7 20.1 223 20.8 22.1 21.9 227 25.8
Fe,O,! 3.1 1.0 1.3 2.0 1.1 2.0 1.1 0.9 1.5 1.7 1.9 0.9 0.5
MgO 4.9 4.8 4.9 5.4 5.1 4.8 4.9 4.7 5.6 5.0 5.5 5.1 4.0
K,0 6.9 7.2 7.1 6.9 7.1 7.0 6.9 6.8 7.1 7.3 7.6 7.2 7.4
TiO, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.14 0.10 0.10 0.13 0.14
Ca0 0.08 0.5 0.3 1.0 0.3 0.3 0.2 0.3 0.4 0.4 0.3 0.4 0.4
Na,O 0.7 1.2 1.7 0.9 1.4 1.4 1.5 1.6 1.7 1.7 1.6 1.9 1.7
MnO 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.02 0.01 0.02 0.02 0.02
LOI? 6.89 6.78 6.80 6.89 6.82 6.84 6.79 6.75 6.74 6.93 6.96 6.82 6.80
Total 100.89 99.25 99.60 100.87 99.92 100.11 99.39 98.85 98.64 101.53 101.85 99.82 99.50

! Total Fe expressed as Fe,0O;.
2 Loss on ignition (see text).

Chemical analyses

Major elements were determined for eight bulk, six-
teen <2-um, and thirteen <0.1-um samples using
atomic absorption (AA) and wavelength-dispersive
X-ray fluorescence (XRF) spectrophotometry. AA
samples were prepared according to the method of
Medlin et al. (1969) and analyzed on a Perkin-Elmer
model 403 flame spectrophotometer. Total oxides for
the <0.1-uwm samples were determined by this method
as well as SiO,, MgO, Ca0, Na,0, and MnO for the
bulk and the <2-um samples. Total iron as Fe,Oj,
ALO,, K,0, and TiO, in the bulk and the <2-um frac-
tions were determined by XRF using fused borate glass
pellets prepared according to the method of Elsheimer
and Fabbi (1977).

The <2-um samples were ignited at 1000°C for 1 hr
prior to fusion and casting for XRF analysis, thus the
weight percent reported for loss on ignition (LOI) in
Table 1 includes both H,O+ and H,O—. The <0.1-um
samples were heated at 120°C to remove H,O— prior

to digestion for AA analysis. The weight percent re-
ported for LOI in Table 2 refers to H,O+ only. All data
plots in this discussion include both groups of samples
unless otherwise stated.

Mean structural formulae were calculated on the ba-
sis of the theoretical total half-cell ionic charge of —22
(Foster, 1960) corresponding to a O,,(OH), formula
unit. The difficulties inherent in determining meaning-
ful structural formulae for I/S lie in the necessity of re-
lying on assumptions about partitioning of structural
cations and charges between swelling and non-swelling
layers, as was discussed by Weaver and Pollard (1973)
and Hower and Mowatt (1966). Computing idealized
formulae, however, permits comparison on an equal
basis with data from other studies. This is particularly
useful and perhaps the only way that one can evaluate
I/S compositions against the swelling and non-swelling
end members which represent the starting materials
and their metamorphic products.

It was assumed that the Na,CO; treatment removed

Table 3. Half-cell structural formulae of <0.1-pm K-bentonites.

KB-284  KB-28C  KB-28E  KB-28G  KB-28H  KB-6C KB-22A KB-29 KB7C  KB-20B  MEAN

v Si 3.80 3.84 3.84 3.88 3.75 3.74 3.69 3.57 3.71 3.74 3.76

Al 0.20 0.16 0.15 0.12 0.25 0.26 0.31 0.43 0.29 0.26 0.24

Charge -0.20 -0.16 -0.15 -0.12 -0.25 -0.26 -031 -043 -029 -~026 —0.24

Al 1.40 1.46 1.45 1.46 1.53 1.46 1.50 1.63 1.42 1.141 1.47

VI Fe! 0.16 0.07 0.06 0.06 0.05 0.09 0.05 0.03 0.09 0.08 0.07

Mg 0.49 0.49 0.51 0.49 0.47 0.49 0.51 0.40 0.54 0.57 0.50

Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01

Charge —-038 —-045 -047 -047 034 -035 -0.31 -0.21 -0.36 -036 037
Total layer

charge -0.58 -0.61 —-0.61 -0.59 -0.59 -062 062 —-0.64 065 —0.62 —0.61

K 0.58 0.61 0.61 0.59 0.59 0.62 0.62 0.64 0.64 0.62 0.61

Interlayer
charge +0.58 +0.61 +0.61 +0.59 +0.59 +0.62 +0.62 +0.64 +0.64 +0.62 +0.61

! Total Fe expressed as Fe,0O;.
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Figure 3. XRD tracing of the <0.1-um fraction of KB-7 after

saturation with ethylene glycol. Peak positions indicate rec-
torite-type illite/smectite with 18% expandable layers.

32 28 24

all exchangeable K and Mg so that the analyzed values
represent only non-exchangeable K and Mg in interlay-
er and octahedral sites, respectively. Na and Ca values
were ignored in recasting the data into structural for-
mulae because: (1) the amounts are small and most like-
ly do not represent structural site occupancy, and (2)
calcium, particularly, is a likely contaminant because
these beds occur in a massive carbonate section. More-
over, Na values may be misleading as a result of the
Na,CO, treatment. K is considered to be the only sig-
nificant interlayer cation, a conclusion borne out by the
close agreement between the calculated interlayer and
the total layer charges.

XRF precision expressed as the coefficient of vari-
ation ranges between 0.01 and 0.03; AA precision var-
ies from less than 0.01 to 0.08. The highest coefficient
of variation, 0.08, is for Na, which is notoriously dif-
ficult to analyze by AA. All other AA coefficients lie
below 0.05. Analytical data and structural formulae are
reported in Tables 1-3.

RESULTS AND DISCUSSION
Clay mineralogy

XRD analyses of the <0.1-gm fraction indicate a rec-
torite-type ordering of I/S in which the smectite com-
ponent varies from 18% to 27%. 1/S proportions were
determined using the (005),,;/(003),,, reflection that
occurs between 15.6° and 17.7°29 for IM ordering and
the twin reflections between 43° and 48°2¢ (Reynolds
and Hower, 1970). Figure 3 is a diffraction tracing of
sample KB-7 showing typical mixed-layer character-
istics.

Chlorite was detected in only one sample of the <2-
um fraction but not in the corresponding <0.1-pm frac-
tion. The chlorite may have formed by the alteration of
biotite rather than by neoformation of an Fe-Mg-rich
clay.
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Chemical analyses

Oxide analyses for the <2-um fraction are reported
in Table 1 and for the <0.1-wm fraction in Table 2. Dif-
ferences between the two groups are generally slight
and may reflect the presence of non-clay minerals in the
coarser fraction.

Half-cell structural formulae for the <0.1-um spec-
imens are listed in Table 3. K is considered to be the
only fixed interlayer cation. As might be expected, K
increases linearly with total charge (Figure 4) which
varies between 0.54 and 0.71 and has a mean value of
0.61. The K curve coincides with the theoretical curve
of Hower and Mowatt (1966) calculated for K,, in illites
and illite/montmorillonite if all the interlayer charge
were satisfied by fixed K. Their data for the same range
of lattice charges are also plotted in Figure 4 for com-
parison. The difference in distribution curves is ac-
counted for by exchangeable ions in mixed-layer illite/
montmorillonite (Hower and Mowatt, 1966) which bal-
ance the excess charge not satisfied by K. K-bentonites
behave as though the total lattice charge is satisfied en-
tirely by K. Accordingly, the illitic component has K
as the only interlayer ion, and the amount present is
sufficient to balance the total charge deficiency of the
I/S structure. Calculated total layer and interlayer
charges (Table 3) agree extremely well with one another
when only K is included and less well when the small
amounts of Na and Ca are included. Presumably, fur-
ther collapse of the smectite component by K-fixation
would require additional tetrahedral and/or octahedral
substitution to provide the necessary charge imbal-
ance.

Data from other workers indicate that I/S structures
tend to have a total charge greater than that satisfied by
fixed cations (Hower and Mowatt, 1966; Schultz, 1978).
The excess charge increment varies directly with the
proportion of the two components and indicates a ca-
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major element oxides within a 50 cm-thick K-bentonite (KB-
28). The distribution of subsamples A—H is shown on the left.

pability in some I/S clays to evolve toward the illite end
member of the series given the proper physico-chemi-
cal environment. Schultz (1978) estimated that 35% of
the smectite component of I/S clays in the Pierre Shale
are beidellitic. Although I/S forms under a variety of
conditions in various geological environments, its de-
velopment during burial diagenesis seems to require a
smectite precursor that is beidellitic in its charge dis-
tribution and chemistry. The K-bentonites of the pres-
ent study have retained their montmorillonitic charac-
ter, and K-fixation appears to have been controlled
largely by a charge density resulting from substitution
of octahedral Mg for Al.

Detailed analyses of bulk, <2-um, and <0.1-um
fractions of a 50-cm thick bentonite (KB-28) are sum-
marized in Figure 5. K,O values of the <0.1-um frac-
tion are slightly but consistently higher than those of
the <2-um fraction and lower than the bulk analysis
values. The bulk samples are rich in K-feldspar and
biotite (Giinal, 1979) which probably account for the
large K,O values in Figure 5. The difference between
the K content of the <2-um fraction (mean = 6.9%
K,0O) and the <0.l-pum fraction (mean = 7.1% K,O)
may not be due to contributions from accessory min-
erals. Because there is no corresponding difference in
Mg or Al, the difference appears to be real, and reflects
a higher proportion of illite layers in the finer fraction.

Velde and Brusewitz (1978) suggested that K became
mobilized during the alteration of Ordovician volcanic
ash to K-bentonite in Sweden, and that K diffused to-
ward the margins of thick beds. In contrast, the present
data reveal no significant vertical variation of five major
elements. The abundances of all elements are essen-
tially constant through the thickness of the bed and be-
tween size fractions, except for K and Mg. Mg in-
creases in abundance with decreasing particle size from
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Circles are K-bentonite samples plotted to show their probable
original composition.

the bulk samples to the <0.1-um fraction, whereas K
increases in abundance from the <2-pm fraction to the
<0.1-um fraction. Both size fractions, however, con-
tain less K than the bulk samples.

Several problems arise in trying to fit these obser-
vations into a thermally driven, burial diagenesis mod-
el. First, the high MgO values in the fine fraction are
inconsistent with the conclusion of Hower et al. (1976)
that chlorite is formed from Mg and Fe released during
the construction of ordered I/S, because the sparse
chlorite detected is in the <2-um fraction but not the
<0.1-um fraction. Petrographic evidence (Giinal, 1979)
suggests the chiorite is a product of minor biotite alter-
ation. Chlorite in K-bentonites (Weaver, 1953; Bys-
trém, 1956; Snall, 1977) has been reported from local-
ities where the likelihood of deep burial is much greater
than it was along the Cincinnati arch where the High
Bridge Group is exposed. Second, the high K,O values
in the <0.1-um fraction are not logically explained by
redistribution of K in a closed system during devitrifi-
cation. Petrographic examination (Giinal, 1979) re-
vealed well-preserved biotite and K-feldspar in many
samples. Since it is assumed most K is associated with
these minerals, it seems unlikely that mass transfer of
K from primary crystalline phases to a neo-clay phase
occurred.

The possibility that the dissolution of very fine-
grained K-feldspar may have contributed to the K con-
tent of the clays cannot, however, be completely ex-
cluded. No petrographic evidence was found to resolve
this question. The obvious difficulty is in not knowing
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Table 4. Calculation of gains and losses during post-depo-
sitional alteration of K-bentonite (after Giinal, 1979).

Oxide i2 2 3 4 5
SiO, 52.56 54.28 49.71 -2.85 -5
AlLO, 18.39 20.08 18.39 0 0
Fe,0;! 8.19 1.92 1.76 -6.43 -78
MgO 2.12 3.78 3.47 +1.35 +63
Ca0 5.64 0.74 0.68 ~4.96 -87
Na,O 5.76 1.02 0.93 —4.82 -83
K;O 3.91 8.22 7.53 +3.61 +92
TiO, 1.73 0.37 0.34 -1.39 —-80
MnO 0.14 0.03 0.02 -0.12 —86

! Total iron expressed as Fe,O;.

2 1 = Average reference trachyandesite (weight percent)
(see text). 2 = Average of K-bentonite samples (weight per-
cent). 3 = Recalculated weight of K-bentonite sample after
alteration (weight percent). 4 = Difference between values
in columns 1 and 3. 5 = Difference expressed in percent of
the original amount (%).

the original composition of the ash. An attempt was
made to determine original composition by plotting the
Zr/Ti and Nb/Y ratios of 25 whole-rock K-bentonite
samples against one another after the method of Floyd
and Winchester (1978). The results, shown in Figure 6,
indicate that a majority were trachyandesitic in com-
position. Some data points are in the rhyolite and
rhyodacite/dacite compositional fields. K-bentonite
compositions were then compared with representative
analyses of trachyandesites taken from Carmichael et
al. (1974, tables 8-8, 10-2, 10-3) in order to estimate
the gains and losses of major elements during devitri-
fication. Al was assumed to have been immobile during
alteration; hence, a direct comparison between K-ben-
tonite and trachyandesite compositions was made first
by equating Al values and then by recalculating K-ben-
tonite analyses on a proportional basis. The results are
tabulated in Table 4. Assuming the computation to be
at least of the correct order of magnitude, the most no-
table changes involve increases in K and Mg. If average
analyses of rhyolites and dacites are used, the increases
are even greater. Thus, K-bentonites do not seem to
have behaved as a closed system with respect to K and
Mg.

The origin of the excess K and Mg is unknown, but
it is noteworthy that the excess is consistent with re-
ports of widespread Mg-rich carbonates and K-Mg-rich
shales in early Paleozoic sediments (Chilingar, 1956;
Vinogradov and Ronov, 1956; Swett, 1968; Ronov and
Migdisov, 1971; van Moort, 1972; Buyce and Fried-
man, 1975). The High Bridge Group of central Ken-
tucky contains abundant, finely laminated micritic
limestone and dolomite which represent tidal-flat sedi-
mentation in a high-magnesium environment (Cress-
man and Noger, 1976). Alteration of volcanics is one
of several mechanisms suggested by various authors to
explain K and Mg enrichment in Cambro-Ordovician
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Figure 7. Relationship between AlL,O./K,O and ALO, for
K-bentonites and I/S produced during burial diagenesis. An
increase in K relative to Al reflects increasing tetrahedral sub-
stitution of Al for Si with depth and temperature.

sediments. Perry et al. (1976), for example, provided
evidence that the submarine weathering of calc-alkaline
volcanics to smectite involved first the release of Ca
and Mg to the pore waters which caused an increase in
alkalinity. Mg was then extracted from the water as
smectite formed. They concluded that the increase in
the Mg/Al ratio of the sediment column studied and the
corresponding depletion of Mg in the pore waters in-
dicated that smectite formation had extracted the Mg
originally present in seawater and the Mg originally
present in the volcanics. The net effect was a Mg de-
pletion and a Ca enrichment in the pore waters.

Hypersalinity has also been cited as a concentration
mechanism for K and Mg. Normal seawater contains
about 330 ppm K. When the salinity becomes high
enough through evaporation to precipitate gypsum, the
K content of seawater is 3.2 moles/20,100 moles H,O
(Braitsch, 1971, table 8). This is probably insufficient
to provide the K required to collapse 80% of the smec-
tite layers without having an enormous amount of water
flush through the sediment column. Ronov and Migdi-
sov (1971), among others, suggested that the K/H ratio
in sediment pore fluids has decreased since early Cam-
brian time based on their observations of high K,O in
lower Paleozoic shales. If their suggestion is correct,
the K content of K-bentonites might be more reason-
ably explained.

Tetrahedral substitution of Al*3 for Si** in smectite
during burial diagenesis creates a high layer charge
which, in turn, is compensated by K dehydration and
fixation (Hower et al., 1976; Eslinger er al., 1979). 1llite
formed in this way should have a high total Al content
but a relatively low Al,0,/K,O ratio, compared to the
smectite starting material. Figure 7 compares two well-
documented cases of I/S formation with K-bentonite
samples. The progressive decrease in the Al,0,/K,O ra-
tio with increasing depth and temperature can be clear-
ly seen from data in the two published studies. K-ben-
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tonites have much lower ratios although the ordered I/
S stacking is very similar to the high temperature end
products reported in the two studies. The average
ALO,/K,0 ratio of illites is about 3.7, which is larger
than that of most muscovites (Weaver and Beck, 1971,
p. 46). For K-bentonites the ratio is 3.0, close to that
of phengites and well-crystallized illites, which have
ratios near 2.6 and K,O values near 10%. Thus, K-ben-
tonites have more fixed K than can be accounted for by
tetrahedral substitution of Al. Considering the relative
accessibility of migrating cations to octahedral and tet-
rahedral sheets, octahedral substitution of Mg*2 for
Al*3 is probably a less likely phenomenon than tetra-
hedral substitution of Al*? for Si** under low temper-
ature conditions (Weaver and Beck, 1971). Octahedral
substitution of Mg for Al is the principal cause of the
high layer charge in K-bentonites and is a function of
parent material and pore fluid composition rather than
thermal history.

Boles and Franks (1979) concluded that aluminous
smectites react to form illite more rapidly than mag-
nesium-rich smectites during burial diagenesis based on
experimental studies of dioctahedral and trioctahedral
clay reaction rates. However, Eberl (1978) showed that
K-montmorillonite develops ordering at a higher ex-
pandability and reacts faster than K-beidellite due to a
tendency toward ordering in the parent montmorillon-
ite. The results of this study show K-bentonites possess
a Cheto-type montmorillonite structure (Grim and Kul-
bicki, 1961) in which octahedral substitution of Mg for
Al is almost twice as much as is that described for Wy-
oming-type montmorillonite. It seems likely this com-
position was established early rather than late in the
burial history of the K-bentonites.

BURIAL AND THERMAL HISTORY
Stratigraphic evidence

Middle Ordovician rocks along the crest of the Cin-
cinnati arch have probably never been subjected to
deep burial conditions. Repeated uplift and erosion of
the southeastern Appalachian interior plateau during
the Paleozoic has prevented the accumulation of a com-
posite section thick enough to provide the temperatures
required by the burial diagenesis model for the forma-
tion of I/S structures (Hyde, 1953; Woodward, 1961;
Wolcott et al., 1972; Borella and Osborne, 1978).

There is no evidence the Cincinnati arch was in ex-
istence in pre-Trenton time, however, it appears to
have been a positive feature periodically from Trenton
time through the Late Mississippian (Woodward,
1961). Scotford (1965) suggested that the maximum
possible depth of burial of Upper Ordovician shales on
the Cincinnati arch would have been approximately
5000 ft if the entire post-Ordovician Paleozoic section
had formed without interruption. Thus, several major
episodes of regional uplift and erosion, resulting in the
removal of perhaps several thousands of feet of sedi-
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ment overlying Middle Ordovician rocks of the Cincin-
nati arch, have prevented any appreciable deep burial
of K-bentonites.

Mineralogic and paleontologic evidence

Scotford (1965) concluded that Late Ordovician
shales and mudstones of the Cincinnati arch show no
evidence of significant post-depositional compaction
beyond lithification. He regarded the 2M polytype
prevalent in the illite as evidence for a detrital origin,
based on K-Ar dating by other workers, and not as evi-
dence for low-grade metamorphism.

In Figure 1 K-bentonite sample locations in this study
are superimposed on isograds delineating the color
alteration index for conodonts in Ordovician carbon-
ate rocks as proposed by Harris (1979, figure 3). The
index is a guide to thermal alteration of the rocks.
Isograds are drawn on the first occurrence of index val-
ues so that isograd 2, for example, passes through sam-
ple localities having conodonts with index values of 1.5
to 2. Clearly K-bentonites occurring along the crest of
the Cincinnati arch lie to the west of the 1.5 isograd and
well within a zone that has experienced maximum bur-
ial temperatures no greater than 80°C. This temperature
is less than the minimal temperature (~100°C) needed
to form ordered I/S from random I/S in the manner pro-
posed by Hower et al. (1976). If the thermal drive mod-
el were applicable here, randomly interstratified 1/S and
perhaps some relict smectite should be present, as well
as sparse kaolinite. Instead, the I/S is well ordered and
exists without accessory clay minerals. Moreover,
K-feldspar and biotite are well preserved in the whole
rock mineral suite and give no evidence of having
served as a major source of potassium during diagen-
esis.

It is instructive to compare K-bentonites along the
Cincinnati arch with those reported from Middle Or-
dovician terrains that give some evidence of having
undergone deep subsidence and burial. Weaver (1953),
Bystrom (1956), and Snall (1977) described K-benton-
ites which, when interpreted according to the method
of Reynolds and Hower (1970), are rectorite-type or-
dered I/S structures in which illite and smectite com-
ponents have approximately the same proportion as the
sample studied for this report. It is reasonable to apply
the thermal drive model to these samples. Also, the I/
S structures occur in thick stratigraphic sections which
have histories of deep burial and would therefore be
expected to have developed ordered interlayering
through burial diagenesis. However, Snall (1977, p. 64—
65) noted that the I/S ratio does not increase consis-
tently with depth of burial and attributed between-bed
variation to differences in the chemical composition of
the original ash. Such differences must exert a funda-
mental influence on the composition of clay minerals
developed as ash devitrification products during dia-
genesis. K-bentonites had a montmorillonitic rather
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than a beidellitic precursor, and K-fixation occurred in
response to octahedral substitution of Mg for Al rather
than tetrahedral substitution of Al for Si. Consequent-
ly, the I/S is structurally similar but chemically dissim-
ilar to those produced during burial diagenesis. The
application of clay mineralogical criteria in paleo-
thermometry analysis must be approached with some
caution if little is known of the geological history
of the sediments.
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Pesome—K -6enTonnTtnl u3 [pynnel Cpenneii Opnosuxckoit Beicokuit Moce Baoas CHHCHHATCKOH fyru
XapaKTEepU3UPYIOTCA HAJIMYHEM NEPeCIaHBAIOILUXCS HILTHTO-CMEKTHTOBBIX (H/C) rauH, ynopsaoYeHHbIx
no THny pexkTtoputa. IlpubmusurensHo 20% clo€B cnocobHo pacuiMpAThcsa. Ilo CTpykType OHM
cxokn ¢ M/C, hopMHPOBAHHBIMH NpH TeMOEpaTypax, npeBblmaiomux 100°C Bo Bpems riay6unnOrO
avarene3a. OfHaKo cTpaTHrpacHuecKHe JaHHbLIE U OKa3aTelb H3MEHeHHs uBeTa <1,5 [/IA KOHONOHTOB
B aCCOUMMPOBAHHBLIX KapbOHATax TNOKa3biBalOT, YTO OHM HHKOTJa IJIYOOKO HE 3a/leTalli WM He
HOABEPTONNCH BO3MeACTBHIO TemmepaTyp Bbime 80°C.

Iennuble 06pa3ipl ckanbHO# nopoasl K-GeHToHUTOB cofiepxaT ~8% K,0 u 4% MgO B TO Bpewmsi,
KaK ¢paknusa pasmepom <0,1 um couepxut 6-7% K,O u 5% MgO. 10 cpaBHEHHIO C THIIOTETHYECKHM
HenenoM 3TH BEJIMYHHBI FOBOPST O npuoOpeTenun K u Mg u o notepe Si, Fe, Ca, n Na B pesyssTare
nocieocagounbix H3MeHenui. duxcanusa K paccunTHBanach No yBeJHYEHHIO AucOaiiaHCa 3apsiia cjios,
B OCHOBHOM, MyTeM OKTA3[PHYECKOr0 3aMellieHust moHoB Al’* moHamm Mg®*, ykasbiBasg Ha TO, 4YTO
IPOMEXXYTOUHbIE HAMJACTOBAaHHE Pa3BHBAIOCL OT MOHTMOPHJUIOHHTOBOIO NpENUIECTBEHHHKA. XUMH-
yeckue xapakTepucTuku U/C cnoés B K-GeHTOHNTaX (hOpPMHUPOBATHMCE paHee BO BpeMsl IIpeoGpa3oBaHus
BYJIKaHHYECKOI'O 1lenejia B MOHTMOPWUIOHUT. OTHOCHTEIILHO BLICOKOE cofiepxanue K u Mg, BO3MOXHO,
SIBJIIETCS OTPa’KEHHEM KaK MOPCKOH BO/IbI, TAK M COCTaBa HCXOJAHOIO MaTepHalia BO BpeMA 06pa30BaHus.
CocTaB K ynopafouyeHHast ykiaaka B K-GeHTOHUTaX olpefeNiaack CKOpPee COCTABOM [IEPBOHAYAILHOTO
CMEKTHUTA, YEM YCJIOBHAMHM TEMNEPATYPLI H JaBieHus npu auaredese. [E.C.]

Resiimee—K-Bentonite der mittel-ordovizischen High Bridge Gruppe entlang des Cincinnati-Bogens sind
durch INit/Smektit-Wechsellagerungen (1/S) mit einer Ordnung vom Rektorit-Typ charakterisiert. Ungefahr
20% der Lagen sind expandierbar. Sie sind strukturmiBig den I/S-Wechsellagerungen &hnlich, die bei Tem-
peraturen iiber 100°C wihrend der Versenkungs-Diagenese gebildet wurden. Die Stratigraphie und ein
Farb-Umwandlungs-Index von <1,5 fiir Konodonten in benachbarten Karbonaten zeigen jedoch, daB sie
niemals tief versenkt oder einer Temperatur {iber 80°C ausgesetzt wurden.

Gesamtgesteinsproben der K-Bentonite enthalten ~8% K,O und ~4% MgO, wihrend die Kornfraktion
<0,1 um, 6-7% K,O und 5% MgO enthilt. Durch den Vergleich mit einer hypothetischen Ausgangsasche
bedeuten diese Werte einen Nettogewinn von K und Mg und einen Nettoverlust von Si, Fe, Ca, und Na
wihrend der Umwandlung nach der Ablagerung. Die K-Fixierung erklart sich aus einem Ladungsungleich-
gewicht der Lagen, das vor allem durch die oktaedrische Substitution von Mg fiir Al hervorgerufen wird.
Dies deutet darauf hin, dal die Wechsellagerung aus einem Montmorillonit-Vorlaufer entstanden ist. Die
chemischen Charakteristika der I/S-Lagen in den K-Bentoniten entwickelten sich zu Beginn der Um-
wandlung der vulkanischen Asche zu Montmorillonit. Relativ hohe Gehalte an K und Mg spiegeln wahrsch-
einlich sowohl die Zusammensetzung des Meerwassers als auch die der Ausgangssubstanz zur Zeit der
Bildung wieder. Die Zusammensetzung und die regelméBige Anordnung in den K-Bentoniten wurde eher
durch die Zusammensetzung des urspritnglichen Smektit bestimmt als durch die Druck-Temperatur-Be-
dingungen einer Versenkungs-Diagenese. [U.W.]
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Résumé—Des bentonites-K du groupe Ordovicien Moyen High Bridge le long de I'arche de Cincinnati sont
caractérisées par des argiles interstratifiées illite/smectite (I/S) avec un rangement du type rectorite. Ap-
proximativement 20% des couches sont expansibles. Structuralement, elles sont semblables aux I/S for-
mées a des températures excédant 100°C pendant la diagénése d’ensevelissement, ’évidence stratigra-
phique, cependant, et un indexe d’altération de couleur <1,5 pour les conodontes dans des carbonates
associés révelent qu’elles n’ont jamais été profondément enterrées ou soumises a des températures plus
élevées que 80°C.

Des échantillons de roche entiere de bentonites-K contiennent ~8% K,0 et ~4% MgO, alors que la
fraction de taille <0,1-um contient 6-7% K,O et 5% MgO. En comparaison avec une cendre hypothétique
apparentée, ces valeurs représentent un gain net de K et Mg et une perte nette de Si, Fe, Ca, et Na pendant
I'altération produite aprés déposition. La fixation de K est expliquée par un déséquilibre de charge de
couche produit par la substitution octaedre de Mg*2 a Al*3, indiquant que I'interstratification avait évolué
d’un précurseur montmorillonite. Les caractéristiques chimiques des couches I/S dans les bentonites-K
se sont développées tot pendant I'altération de la cendre volcanique en montmorillonite. Des contenus
relativement élevés en K et Mg réfletent probablement a la fois I’eau de mer et la composition de la matiére
parente au moment de la formation. La composition et I’ordre d’empilement dans les bentonites-K étaient
déterminées par la composition de la smectite d’origine plutdt que par les conditions de pression et de
température pendant la diagénese d’enterrement. [D.J.]
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