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Abstract-The Mecca Quarry Shale Member from Velpen, Indiana contains abundant vanadium which 
occurs in solid solution within illite-rich illite-smectite (I-S) having an average content of 1.65 wt. % V, 
and an overall composition of Ko .• (AI2.8Mgo.,Feo.4Vo.,)(Si7.2Alo .• )O:w(OH)4' analogous to the V-rich dioc
tahedral mica, roscoelite. The illite contains more than twice as much V as the associated kerogen. Detrital 
mica has a composition typical of 2M[ muscovite and contains no vanadium. The V-rich illite has a 
structure and composition typical of formation during normal prograde diagenesis and probably is wide
spread in the Mecca Quarry Shale because the bed is enriched in V throughout the Midwest. The smectite
to-illite reaction can not be a result of passive burial metamorphism because the host strata were buried 
no deeper than - 0.5 km at Velpen. The formation of illite occurred in unlithified sediments at shallow 
depths under the influence of pervasive 80-110OC basinal brines, possibly the same fluids that were 
responsible for the Mississippi Valley-type lead-zinc mineralization common in the Midwest. The presence 
of two types of K-rich phyllosilicates may be part of the reason for the lack of correlation between bulk 
V concentrations and the intensities of X-ray diffraction peaks of illite reported by others. 
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INTRODUCTION 

Black shales are characterized by abundant organic 
matter and commonly contain major amounts of heavy 
elements such as V, Mo, V, Se, Zn, and Fe. Although 
such shales have been widely studied by a variety of 
conventional methods, such as X-ray diffraction 
(XRD) and scanning electron microscopy (SEM), 
much remains to be learned about the distribution of 
metals among potential host phases. Besides detrital 
silicates, likely sites for heavy metals in shales include 
sulfides, authigenic clay minerals, oxides, phosphates, 
and organic matter (Coveney and Martin, 1983; Breit 
et aI., 1989; Desborough et aI. , 1989; Ripley et aI., 
1990). 

A member of the Linton Formation (Middle Penn
sylvanian, Westphalian D), the Mecca Quarry Shale 
was originally described by Zangerl and Richardson 
(1963) from Mecca, Parke Co., Indiana, -150 km to 
the north of Velpen, Pike Co., Indiana, where the sam
ples for the present study were collected from a stream 
cut at 38°21'27/1 N; 87°05'38" W (section 8, T2S, 
R6W). The Mecca Quarry Shale extends throughout 
the Midwest from Indiana and Kentucky to Nebraska 
and Oklahoma. Although there are considerable vari
ations in the amounts of heavy metals, parts of the bed 
are characteristically metal-rich throughout the region 
(Coveney et aI., 1987a; Coveney and Glascock, 1989). 
Woodland (in Zanged and Richardson, 1963) reported 
exceptionally enriched values for heavy metals, in
cluding greater than 1000-2000 ppm Mo, V, and Zn 
at the original Mecca Quarry site near Rockville, In
diana. Subsequently, using X-ray fluorescence, proton
induced X-ray emission, inductively-coupled plasma 

emission, and atomic absorption spectrometry, Cove
ney and Martin (1983) analyzed samples of the shale 
from 14 locations in Indiana and Illinois and found 
that unweathered exposures of the black shale portions 
of the Mecca Quarry and other Pennsylvanian black 
shales contain 1200-10,000 ppm V and :510,000 ppm 
Zn, 2500 ppm Mo, and 300 ppm uranium. Samples of 
bed "B" from Velpen contain 1660 ppm Mo, 2830 
ppm Zn, 125 ppm U, and 2980 ppm V (Coveney and 
Glascock, 1989). Beds "/>:' and "D" are also metal
rich. Bed "C," which is very clayey and deficient in 
organic matter relative to other units, is usually less 
enriched in metals but commonly contains 600-2400 
ppm V (Coveney and Martin, 1983). 

Vanadium commonly substitutes in the octahedral 
sites of 2: 1 clay minerals as V3+ in the mica roscoelite 
(Gaines et al., 1997), smectite, illite-smectite, illite, 
and muscovite (Zhang et aI., 1987; Meunier 1994). 
Breit and Wanty (1991) showed that V is common in 
organic material as V4+ that originated in marine wa
ters by absorption on sedimentary particles. Vanadium 
can also occur in sulfides, in the mineral patronite, VS4 
(Gaines et al., 1997). The Mecca Quarry Shale con
tains numerous potential hosts for V, including sul
fides, organic matter, and 2: 1 phyllosilicates. On the 
basis of energy dispersive spectroscopic (EDS) data, 
Coveney et al. (1987a) reported that most V in the 
Mecca Quarry Shale occurs in illite. However, Des
borough et al. (1989) inferred from correlation coef
ficients, based upon bulk geochemical data, that V, as 
well as Mo, V, and Ni, occur mainly in organic matter. 
The present study was designed in part to resolve these 
divergent findings . 
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Figure 1. Low-magnification BSE image of an ion-milled 
thin section of Mecca Quarry Shale. Bright round objects are 
pyrite (Py) framboids, black material is kerogen (Org) with 
an elongated shape inferred to result from plastic deformation 
under load stress. Most material of intermediate contrast is 
detrital quartz (Qz). 

MATERIALS AND EXPERIMENTAL METHODS 

Our study utilized XRD, SEM, and transmission 
electron microscopy (TEM) with EDS to characterize 
the distribution of V and other elements and to deter
mine their origins. Samples were collected from bed 
"B", an organic-rich portion of the Mecca Quarry 
Shale, representing 15 cm of the unit's total thickness 
of 55 cm at Velpen. Four samples were chosen as rep
resentative of the occurrence of V and Mo in the Mec
ca Quarry Shale as determined by previous studies. 
Two sets of thin sections were prepared for each sam
ple. One was treated with L R White resin to prevent 
collapse of smectite layers during sample preparation 
and observation (Kim et aI., 1995) by TEM and ana
lytical electron microscopy (AEM). The other set was 
not treated and was subsequently used for AEM anal
yses of organic material. 

A Philips automated diffractometer with graphite 
monochromator and CUKCi radiation was used for 
XRD. Thin sections were ion-milled to provide for op
timum resolution and clarity of optical, SEM, and 
TEM images taken with a Hitachi S-570 SEM and a 
Philips CM-12 TEM at the University of Michigan. 

Figure 2. Low-magnification TEM image showing the tex
tural relations among kerogen (Org; light gray) , and clay min
erals, chiefly authigenic V-rich iIIite. 

RESULTS 

XRD and SEM data for bulk sampLes 

XRD patterns showed the presence of quartz, chlo
rite, kaolinite, illite, apatite, sphalerite, and pyrite in 
all bulk samples. Asymmetry in the lO-A peak of ilIite 
implied the presence of a small proportion of smectite 
mixed layers, whereas the half-height peak width was 
0.9 029. These characteristics correspond to a late dia
genetic grade (e.g., Merriman and Peacor, 1999). 

Domains of darkest contrast in back-scattered elec
tron (BSE) images (Figure 1) consist primarily of ker
ogen as verified by EDS analysis. Domains with light 
contrast consist mainly of detrital quartz, chlorite, il
lite, and authigenic illite as verified by direct EDS 
analysis. The elongation of kerogen particles and sil
icates, which are commonly crenulated, implies com
paction and distortion during diagenesis . Pyrite is 
ubiquitous as framboids . About 0.2-1.0% sphalerite is 
also visible in nearly each polished rock section, along 
with traces of other sulfides and selenides (Coveney 
and Martin, 1983). 

Description of dioctahedral phyllosilicates 

Phyllosilicate grains occur in packets of lO-A layers 
which are typically a few tens of layers in thickness 
and commonly curved, kinked, or splayed, probably 
because of compaction (Figures 2 and 3). Layer ter
minations are common. Some high-resolution images 
show wispy lo-A units that are as thin as one or two 

https://doi.org/10.1346/CCMN.2000.0480301 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480301


Vol. 48, No. 3, 2000 Vanadium in iIIitic material and organic matter 313 

Figure 3. High-resolution TEM lattice-fringe image of typ
ical authigenic V-rich ilIite. Mottled areas without lO-A fring
es correspond to kerogen. 

layers . Illite gives selected area electron diffraction 
(SAED) patterns with broad but regularly spaced OOf 
reflections, and non-OOl reflections which are diffuse 
and weak. SAED patterns are typical of illite or illite
smectite (I-S) where stacks involve interfaces of co
herent and incoherent (turbostratically related) do
mains. These phases are 1Md illite or I-S (Dong and 
Peacor, 1996). Some lattice fringes show contrast dif
ferences and two-layer spacings (21 A) which are typ
ical of (Reichweite, R = 1) I-S . The spacing is a result 
in part of the treatment with LR White resin. However, 
most of the particles are illite, with spacings of -lOA.. 
The asymmetry in the lO-A peak of the XRD pattern 
is presumably a result of the random intercalation of 
(R = 1) I-S layers. 

EDS spectra are typical of illite or (R = 1) I-S. The 
spectra indicate that this phase is Si-rich and K-poor 
relative to muscovite. The most striking feature of the 
EDS spectra, however, is the presence of a strong peak 
from V which constitutes -0.9-3.5 wt. % of the illite, 
judging from 35 quantitative analyses (Figure 4) sup
plemented by -65 semi-quantitative analyses. A typ
ical formula, derived from EDS data on the basis of 
normalization to 12 tetrahedral and octahedral cations 
(i.e. , assuming an ideal dioctahedral structure) is Ko.s 
(AI2.sMgo.sFeo.4 V0.3(Sin Alog)02o(OH)4' Authigenic il
lite, which constitutes - 10% of the shale as judged 
from XRD data, contains a mean content of 1.65 wt. 
% V (Figure 4). This accounts for - 65% of the 0.27% 
V indicated by whole-rock analyses of bed "B" (Cov
eney et aI., 1987a). 

TEM images obtained from another white mica (not 
shown) shows large, anhedral grains greater than a mi
crometer in thickness. These images contain straight 
lattice fringes, no dislocations, and uniform contrast. 
SAED patterns are sharp with non-OOI reflections 
showing 20-A periodicity typical of 2M J polytypes. 

15 

X= 1.65% 
Std. dev. = 0.6 

2 3 
wt. % V In lIIite 

Figure 4. Vanadium contents of authigenic iJlite. The figure 
displays the results of 35 quantitative analyses of ilIite from 
bed " B" of the Mecca Quarry Shale, Velpen, Indiana. X, the 
mean value, is 1.65 wt. %. 

EDS analyses of these grains are typical of muscovite 
in that they are K-rich and Si-poor relative to illite. 
This material is muscovite of detrital origin and con
tains no vanadium. 

Kerogen 

At the Velpen location, bed "B" of the Mecca 
Quarry Shale contains 0.3% carbonate C and 37% or
ganic C in organic matter that is largely of terrestrial 
origin (Coveney et al., 1987a). Most of the organic 
material displays rather uniform contrast during ob
servation by SEM, and EDS spectra show dominant 
carbon, with small amounts of V, Mo, Fe, and sulfur. 
Analyses of kerogen could not be preCisely quantified 
because of the large errors associated with carbon and 
interference by carbon that was used to coat the sam
ples, but we estimate the organic matter to contain -5 
wt. % total metal. Figure 5 illustrates typical wispy 
iIIite packets in organic material. As indicated above, 
the majority of the V in the shale is contained in au
thigenic illite. No V was detected in any other phase 
except for the organic matter. Therefore, the organic 
matter is assumed to contain the 25% vanadium not 
accounted for by that in illite, as noted above. Nev
ertheless, because the rock consists of 37 wt. % or
ganic carbon, corresponding to > 50% organic matter, 
the amount of organically bound V cannot exceed 
-0.2%, which is only 15% of the amount contained 
by a comparable amount of V-rich illite. As shown in 
Figure 6, the organic matter contains 50-lOO-A di
ameter round objects, which are probably spherical in 
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Figure 5. Typical AEM spectra of organic matter (top) and 
authigenic illite (bottom). The V is concentrated mainly in 
the illite. Lesser amounts of V occur in organic matter, but 
none could be detected in either pyrite or apatite. 

three dimensions. These objects have a composltlOn 
that is similar to the surrounding kerogen. The organic 
material is partially ordered, as SAED patterns consist 
of two broad, diffuse rings. Euhedral crystals of apa
tite ~ 100 fl.m in diameter, similar to those observed 
by Ohr et al. (1991) in Gulf Coast sediments, dis
persed in kerogen, contain no vanadium. 

DISCUSSION 

The TEM-EDS data indicate the presence of both 
V and Mo in the organic matter. Extended X-ray ab
sorption fine structure (EXAFS) data of Helz et al. 
(1996) indicate two kinds of bonding sites for molyb
denum. One has Mo-S and Mo-Fe interatomic dis
tances typical of a cubane-type compound, whereas 
the other is an organic complex having Mo-O double 
bonds. The possibility exists that the rounded particles 
with unique contrast described above consist of locally 
ordered cubane-type units. EXAFS data show the pres
ence of local ordering, however, which is not neces
sarily associated with a crystalline material producing 
a diffraction pattern. Semiquantitative EDS analyses 
illustrate uniform distributions of Mo. V, Fe, and S in 
the kerogen. These elements may occur in randomly 

100nm 

Figure 6. Medium-resolution TEM image dominated by or
ganic material with light-gray contrast, but with darker. 
rounded areas which are also comprised large!y of carbon. 
Wispy. distorted illite packets as thin as 20-30 A are inferred 
to result from plastic deformation of the kerogen matrix. 

distributed, and locally ordered molecular units, one 
of which probably has a cubane-like structure. The 
existence of V and S in molecular units in kerogen is 
well established elsewhere (Breit and Wanty, 1991). 

Most V occurs uniformly distributed in solid solu
tion in illite-rich I-S clay. Previous electron-micro
probe data for the Mecca Quarry Shale indicated that 
K and V occurred in the same host phase, identified 
as illite (Coveney et al., 1987a). However, the earlier 
results did not distinguish between authigenic illite and 
detrital muscovite, nor were they quantified. The oc
currence of V in illite is consistent with data from 
other metal-rich shales (e.g., Zhang et al .• 1987) and 
with other observations of V in 2: 1 phyllosilicates 
(e.g., Meunier, 1994). Note. however, that roscoelite 
occurs almost exclusively in mineral deposits affected 
by hydrothermal fluids (Gaines et aI., 1997). Even the 
V-rich illite observed by Meunier (1994) occurs only 
locally in U deposits of hydrothermal origin. 

In the Mecca Quarry Shale, by contrast, V occurs 
rather uniformly distributed in I-S with features com
mon to prograde sedimentary diagenesis. With respect 
to its SAED pattern, packet thickness, dislocations, 
orientation, and composition, the clay closely resem
bles the illite formed during late diagenesis with smec
tite as a reactant (Merriman and Peacor, 1999). Such 
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features are characteristic, for example, of illite in Gulf 
Coast mudstones derived from the completion of the 
smectite-to-illite reaction during passive burial diagen
esis in an environment not affected by tectonic ally in
duced change (Merriman and Peacor, 1999). The rel
atively uniform distribution of V in both authigenic 
illite and kerogen implies that V did not substitute into 
the illite or I -S after its formation. Prior to illitization, 
most of the V may have been largely hosted by or
ganic matter, judging from the correlation between V 
and organic C reported by Desborough et al. (1989). 

It is commonly assumed that metals are mainly in
troduced into black shales, such as the Mecca Quarry, 
during sedimentation (e.g., Heckel, 1977; Holland, 
1979; Piper, 1994). As Vine and Tourtelot (1970) 
stressed, however, metals can be introduced into shales 
at various stages in their history. Post-sedimentary in
troduction of heavy metals is especially likely for 
beds, such as the Mecca Quarry Shale, that are thin 
and sufficiently jointed to create high permeability for 
circulating pore fluids (Coveney and Glascock, 1989). 
Migration of such fluids through the shale bed may 
have been enhanced by the appreciable porosity that 
can exist in precursor mud prior to the completion of 
clay transitions. 

The Mecca Quarry Shale occurs in a cratonic en
vironment and was not buried deeper than ~0.5 km at 
Velpen (Sloss, 1988; Collinson et al., 1988). Judging 
from the diagenetic history of Gulf Coast sediments 
where the I-S reaction is completed at depths of 
~ 1800 m below which no further changes occur in the 
proportions of illite to smectite (Merriman and Peacor, 
1999), the transition could not have occurred at such 
shallow depths under normal passive, burial-diagenetic 
conditions. Independent data show, however, that cir
culating Mississippi Valley-type brines with tempera
tures to ~ lOO°C pervasively invaded the Illinois basin 
during the Paleozoic (and perhaps later) (Hatch et aI., 
1976; Coveney et al., 1987b). These fluids are likely 
agents for the pro grade diagenetic reactions that 
formed the V-rich illite. 

The available data suggest that V was introduced 
into the Mecca Quarry Shale during or shortly after 
sedimentation and was subsequently redistributed dur
ing diagenesis aided by invasive hydrothermal brines 
at depths of <500 m. The invading fluids may have 
been an important source of metals for the shales, in
cluding some of the V contained within the organic 
constituents. Mississippi Valley-type brines are known 
to have contained Mo and other metals which are not 
commonly thought of as being associated with Pb-Zn 
deposits (Erickson et al., 1981; Saunders and Savrda, 
1993). 

In any case, our detailed TEM-EDS and XRD stud
ies show that illite hosts ~65% of the V contained by 
the Mecca Quarry Shale at Velpen, Indiana. The re
maining 35% of the V occurs in association with or-

ganic matter. General correlations between V and or
ganic carbon previously reported for the Mecca Quar
ry Shale and other metalliferous marine Pennsylvanian 
shales of the Midwest may reflect a strong association 
of V with organic matter in the precursor sediments 
but the correlation has no direct significance about the 
main host phase at present. The practice of inferring 
host phases for V from correlation coefficients based 
on bulk chemical analyses should be avoided when
ever possible. Direct analytical techniques, such as 
those reported here, provide the surest means of iden
tifying the host phases of metals in shales. 

ACKNOWLEDGMENTS 

XRD procedures were standardized for resolution using il
lite standards provided by L. Warr. This study was supported 
by NSF grant EAR 9418108 to D.R.P. and by NSF grant EAR 
82-18742 to R.M.e. 

REFERENCES 

Breit, G.N. and Wanty, RB. (1991) Vanadium accumulation 
in carbonaceous rocks: A review of geochemical controls 
during deposition and diagenesis. Chemical Geology, 91, 
83-97. 

Breit, G.N., Wanty, R.B., and Tuttle, M.L. (1989) Geochem
ical Control on the Abundance of Vanadium in Black 
Shales and Other Carbonaceous Rocks, R.I. Grauch and 
H.L.O. Huyck, eds. U.S. Geological Survey Circular 1058, 
Washington, D.e., 6-8. 

Collinson, c., Sargent, M.L., and Jennings, J.R. (1988) The 
Illinois Basin region in Phanerozoic time. In The Geology 
of North America, Volume D-2, L.L. Sloss, ed., Geological 
Society of America, Boulder, Colorado, 383-426. 

Coveney, R.M., Jr. and Glascock, M.D. (1989) A review of 
the origins of metal-rich Pennsylvanian black shales, cen
tral U.S.A., with an inferred role for basinal brines. Applied 
Geochemistry, 4, 347-367. 

Coveney, R.M., Jr. and Martin, S.P. (1983) Molybdenum and 
other heavy metals of the Mecca Quarry and Logan Quarry 
shales. Economic Geology, 78, 132-149. 

Coveney, R.M., Jr., Leventhal, J.S., Glascock, M.D., and 
Hatch, J.R. (1987a) Origins of metals and organic matter 
in the Mecca Quarry Shale Member and stratigraphically 
equivalent beds across the Midwest. Economic Geology, 
82, 915-933. 

Coveney, R.M., Jr., Goebel, E.D., and Ragan, Y.M. (1987b) 
Pressures and temperatures from aqueous fluid inclusions 
in sphalerite from midwestem country rocks. Economic 
Geology, 82, 740-75\. 

Desborough, G.A., Hatch, J.R, and Leventhal, I.S. (1989) 
Geochemical Comparison of the Upper Pennsylvanian 
Stark Shale Member of the Dennis Limestone, East Central 
Kansas, with the Middle Pennsylvanian Mecca Quarry 
Shale Member of the Carbondale Formation Illinois and 
of the Linton Formation in Indiana, RI. Grauch and H.L.O. 
Huyck, eds., U.S. Geological Survey Circular 1058, Wash
ington, D.e., 12-30. 

Dong, H. and Peacor, D.R (1996) TEM observations of co
herent stacking relations in smectite, liS and illite of shales: 
Evidence for McEwan crystallites and dominance of 2Ml 
polytypism. Clays and Clay Minerals, 44, 257-275. 

Erickson, R.L., Mosier, E.L., Odland, S.K., and Erickson, 
M.L. (1981) A favorable belt for possible mineral discov
ery in subsurface Cambrian rocks in southern Missouri. 
Economic Geology, 76,921-933. 

https://doi.org/10.1346/CCMN.2000.0480301 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480301


316 Peacor, Coveney, and Zhao Clays and Clay Minerals 

Gaines, R.V., Skinner, H.C.W., Foord, E.E., Mason, B., Ro
senzweig, A, King, V.T., and Dowty, E. (1997) Dana's 
New Mineralogy. John Wiley & Sons, Inc., New York, 
1819 pp. 

Hatch, J.R., Gluskoter, H.J., and Lindahl, P.C. (1976) Sphal
erite in coals from the Illinois Basin. Economic Geology, 
71,613-624. 

Heckel, P.H. (1977) Origin of phosphatic black shale facies 
in Pennsylvanian cyclothems of midcontinent North Amer
ica. Bulletin of the American Association of Petroleum Ge
ologists, 61, 1045-1068. 

Helz, G.R., Miller, c.v., Charnock, J.M., Mosselmans, J.EW., 
Patrick, R.AD., Garner, D., and Vaughan, D.J. (1996) 
Mechanism of molybdenum removal from the sea and its 
concentration in black shales: EXAFS evidence. Geochim
ica et Cosmochimica Acta, 60,3631-3642. 

Holland, H.D. (1979) Metals in black shales: A reassessment. 
Economic Geology, 74, 1676-1680. 

Kim, J-W., Peacor, D.R., Tessier, D., and Elsass, EA (1995) 
Technique for maintaining texture and permanent expan
sion of smectite interlayers for TEM observations. Clays 
and Clay Minerals, 43,51-57. 

Merriman, R.J. and Peacor, D.R. (1999) Very low grade me
tapelites: Mineralogy, microfabrics and measuring reaction 
progress. In Low-Grade Metamorphism, M. Frey and D. 
Robinson, eds., Blackwell Science Ltd., Oxford, 10-60. 

Meunier, J.D. (1994) The composition and origin of vanadi
um-rich clay minerals in Colorado Plateau Jurassic sand
stones. Clay Minerals, 42, 391-401. 

Ohr, M., Halliday, AN., and Peacor, D.R. (1991) Sr and Nd 
isotopic evidence for punctuated clay diagenesis, Texas 
Gulf Coast. Earth and Planetary Science Letters, lOS, 110-
126. 

Piper, D.J.W. (1994) Sea water as a source of minor elements 
for black shales, phosphorites, and other sediments-A re
view. Chemical Geology, 114,295-314. 

Ripley, E.M., Shaffer, N.R., and Gilstrap, M.S. (1990) Dis
tribution and geochemical characteristics of metal enrich
ment in the New Albany Shale (Oevonian-Mississippian), 
Indiana. Economic Geology, 85, 1790-1807. 

Saunders, J.A and Savrda, c.E. (1993) Geochemistry of the 
Athens Shale: Implications of the genesis of Mississippi 
Valley-type deposits of the southernmost Appalachians. 
Southeastern Geology, 33, 161-170. 

Sloss, L.L. (1988) Tectonic evolution of the craton in Phan
erozoic time. In The Geology of North America, Volume 
D-2, L.L. Sloss, ed., Geological Society of America, Boul
der, Colorado, 25-51. 

Vine, J.O. and Tourtelot, E.B. (1970) Geochemistry of black 
shale deposits-A summary report. Economic Geology, 65, 
253-272. 

Zangerl, R. and Richardson, E.S. (1963) The paleoecological 
history of two Pennsylvanian black shales. Fieldiana Ge
ology Memoir 4, Chicago Natural History Museum, Chi
cago, Illinois, 352 pp. 

Zhang, A.y', Wu, D.M., Guo, L.N., and Wang, y.L. (1987) 
The Geochemistry of Marine Black Shale Formation and 
its Metallogenic Significance. Scientific Publishing House, 
Beijing, 240 pp. 

Zhao, G., Peacor, D.R., and McDowell, S.D. (1999) "Retro
grade Oiagenesis" of clay minerals of the Freda Sandstone, 
Wisconsin. Clays and Clay Minerals, 47, 119-130. 

E-mail of corresponding author: drpeacor@umich.edu 
(Received 22 December 1998; accepted 23 December 

1999; Ms. 98-140; A.E. Alex Blum) 

https://doi.org/10.1346/CCMN.2000.0480301 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2000.0480301



