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ABSTRACT

The K-feldspar in all major rock units exposed in the Middle Proterozoic Butler Hill Caldera, St. Francois Mountains, south-
eastern Missouri, shows a high, but not maximum, degree of structural order. The structura state parameter Z for phenocryst
material from the felsic volcanic rock units averages 0.89, with a standard deviation of 0.06 (Z would be 1 in fully ordered
microcling). K-feldspar extracted from the matrix of these same samples yields an average Z value of 0.86, with a standard
deviation of 0.07. The Z parameter for the K-feldspar in the ring pluton granites averages 0.87, with a standard deviation of 0.06.
The structural state of the K-feldspar in these ring pluton granitesisvirtually identical to that reported by our group for the Butler
Hill — Breadtray Granite, the subvolcanic granite massif exposed in the center of the Butler Hill Caldera. Thereis no stetistically
significant variation of K-feldspar structural state with inferred structural elevation, present topographic elevation, or proximity
to the Simms Mountain Fault. We interpret the homogeneity of the K-feldspar structural state throughout the Butler Hill Caldera
complex, and especially the unexpectedly high degree of structural order in the volcanic K-feldspar, as evidence for a pervasive
alteration event, which re-ordered the K-feldspar throughout the entire vol canic—plutonic complex. The most likely cause of the
homogenization of the K-feldspar structural state is the late-stage alkaline magmatism inferred to have occurred throughout the
St. Francois Mountains at approximately 1.36 Ga.

Keywords: K-feldspar, structural state, granite, rhyolite, Butler Hill Caldera, St. Francois Mountains, Missouri, Proterozoic,
alteration.

SOMMAIRE

Le feldspath potassique présent dans chaque unité lithologique majeure de la caldeira de Butler Hill, dans les montagnes St.
Frangois, dans le sud-est du Missouri, d’ &ge protérozoique moyen, fait preuve d’ un degré d’ ordre élevé, mais non maximum. Le
paramétre structural Z des phénocristaux des roches fel siques vol caniques, par exemple, est en moyenne 0.89, avec un écart-type
de 0.06 (dans le microcline parfaitement ordonné, Z est égal a 1). Le feldspath potassique dans la matrice de ces mémes roches
possede une valeur de Z de 0.86, avec un écart-type de 0.07. Dans le cas des granites annulaires associés, |le paramétre Z du
feldspath potassique est en moyenne 0.87, avec un écart-type de 0.06. Le degré d’ ordre Al-Si du feldspath potassique dans ces
granites annulaires est donc quasiment le méme que dans le granite pour le pluton de Butler Hill — Breadtray, le granite
subvolcanique affleurant dansle centre de la caldeira de Butler Hill. Du point de vue statistique, il n'y aaucune variation dansle
degré d' ordre avec |’ atitude structurale dans I’ édifice volcanique, I’ élévation topographique actuelle, ou la proximité alafaille
de Simms Mountain. L’ homogénéité dans le degré d’ ordre du feldspath potassique de part et d' autre dans le complexe de Butler
Hill, et particulierement le degré d' ordre anormalement élevé du feldspath potassique dans les roches vol caniques, font penser
gu’une atération hydrothermale trés répandue a mené a un ré-équilibrage du feldspath potassique partout dans le complexe
vol canique—plutonique. La cause probable de cette mise en ordre serait lamise en place tardive derochesignées alcalines dansla
régionil y aenviron 1.36 milliard d’ années.

(Traduit par la Rédaction)

Mots-clés: feldspath potassique, degré d' ordre, granite, rhyolite, caldeira de Butler Hill, montagnes St. Frangois, Missouri,
protérozoique, altération.
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INTRODUCTION

The St. Francois Mountains, located approximately
120 km south—southwest of St. Louis, Missouri, provide
the only significant surface exposures of the Mesopro-
terozoic Eastern Granite-Rhyolite Province of the Pre-
cambrian basement of the mid-continent region (Van
Schmus et al. 1993). Over an area of approximately
900 km?, the Paleozoic sedimentary rocks have been
eroded off the Ozark Dome, exposing a series of felsic
volcanic rocks and epizonal granitic plutons (Kisvar-
sanyi 1990, Kisvarsanyi et al. 1981, Pratt et al. 1979).
These Proterozoic rocks have been interpreted to be the
remnants of two large, partially collapsed caldera struc-
tures, the Taum Sauk Calderato the west and the Butler
Hill Calderato the east (Sides ef al. 1981).

The Butler Hill Caldera (Fig. 1) exposes a sequence
of layered felsic volcanic rocks, alarge zoned granitic

subvolcanic massif, and a series of ring plutons (Lowell
1991), all formed by magmatic activity at 1.47 + 0.03
Ga (Van Schmus et al. 1996). The perimeter of the
Butler Hill Caldera (which istruncated to the northeast
by the Simms Mountain Fault) is dominated by layered
rhyalitic ash-flow tuffsand rel ated felsic vol canic rocks.
Following the terminology of Pratt et al. (1979), these
volcanic unitsinclude Quartz L atite (Y's), Grassy Moun-
tain Ignimbrite (Yag), and Alkali Rhyolite (Yar). The
center of the Butler Hill Caldera exposesthe Butler Hill
— Breadtray Granite (Ygh + Ygg), a large texturaly,
mineralogically, and chemically differentiated, high-
silica granite body interpreted to have formed as a
subvolcanic massif that crystallized beneath a cover of
its own volcanic gjecta (Sides 1980). Forming an arcu-
ate ring between the outcrop areas of the Butler Hill —
Breadtray Granite and the surrounding volcanic units
are a series of smaller, lower-silica, amphibole-bearing
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Fic. 1. Generalized geological map of the Proterozoic rocks exposed in the Butler Hill Caldera, eastern St. Francois Mountains,
southeastern Missouri (after Pratt ez al. 1979), showing sample locations for volcanic rocks (@) and ring pluton granites ()

used in this study.
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granitic plutons, interpreted to have been emplaced dur-
ing collapse of the central portion of the caldera (Lowell
1991). Clockwise from the east (Fig. 1), these ring plu-
tons include the Knoblick Granite (Ygl), Slabtown
Granite (Ygm), Silvermine Granite (Ygl), and Stono
Granite (Ygm) (Pratt ef al. 1979).

On the basis of general field relationships among the
various Proterozoic volcanic and plutonic units,
Bickford er al. (1977) suggested that the exposed por-
tion of the Butler Hill Caldera complex had been tilted
to the west—southwest and beveled by erosion.
Clendenin et al. (1989) attributed this tilting to move-
ment along the Simms Mountain Fault, one of a series
of northwest-striking transfer faultsformed during Late
Proterozoic — Early Cambrian rifting and subsequently
reactivated during the Middle to Late Paleozoic uplift
of the Ozark Dome. On the basis of variation in major-
element geochemistry, Sides (1980) inferred that the
Butler Hill —Breadtray Granite has been tilted approxi-
mately 10° in the S68°W direction, exposing rocks that
had crystallized at depthsranging from asgreat as10 km
along the northeastern edge of the exposure to as little
as 1 to 2 km along the intrusive contact with the volca-
nic rocks to the southwest.

In an attempt to corroborate the inferred range of
depth of crystallization for the exposed portions of the
Butler Hill — Breadtray Granite, Plymate er al. (1992)
determined the structural state of the K-feldspar in
twenty-eight samples from that rock unit. Rather than
finding asignificant, systematic variation of K-feldspar
structural state with inferred depth of crystallization,
however, they found the K-feldspar in the Butler Hill —
Breadtray Graniteto be uniformly highly ordered. They
interpreted this uniformly high degree of order as evi-
dence that a pervasive reheating or deuteric-hydrother-
mal event had reset the structural state of the K-feldspar
within the Butler Hill — Breadtray Granite subsequent
toitscrystalization. The purpose of the present work is
to extend the study of Plymate er al. (1992) to include
the volcanic rocks and ring pluton granites exposed
around the perimeter of the Butler Hill Caldera, to fur-
ther determine the extent and timing of the process(es)
or event(s) responsible for resetting the structural state
of K-feldspar.

EXPERIMENTAL PROCEDURE

We have determined the structural state of the K-
feldspar in twenty-eight samples, ten from the volcanic
rock units and eighteen from the ring pluton granites
(Fig. 1, Tables 1, 2). For the volcanic samples, we ana-
lyzed K-feldspar from the phenocrysts and the matrix
separately. In collecting the samples, we took care to
avoid dikes, veins, and other obvious contamination, but
the exposure in some areas was not sufficiently good to
yield completely fresh samples.

Samples were slabbed, and visible weathering rinds
or xenoliths were removed. These slabs were then

crushed, and K-feldspar was concentrated by centrifuge,
using acetylene tetrabromide diluted to the desired den-
sity with dimethyl formamide. For granite samples, the
first centrifugation was performed using the =120 mesh
fraction and afluid density of 2.585 g cm™ The K-feld-
spar concentrate yielded by this step wasfiltered, rinsed
in acetone, dried, and ground to afine powder in atung-
sten carbide ball mill. The K-feldspar in the =325 mesh
fraction of this powder was further purified by two
addistional centrifugations in a fluid of density 2.580 g
cm,

For volcanic samples, additiona steps were neces-
sary between crushing and the first centrifugation to
separate phenocryst material from matrix material. We
suspended the 18-35 mesh fraction in heavy liquid in
1000 mL graduated cylinders and adjusted the density
of thefluid until approximately 5% of these coarse-sand-
sized chips floated. We removed, filtered, rinsed, and
dried thislight fraction and confirmed with a binocular
microscope that it consisted almost entirely of chips of
K-feldspar phenocrysts. We next adjusted the density
of thefluid inthe graduated cylinder until approximately
50% of the remaining chips floated; we removed and
discarded these intermediate-density chips. Wefiltered,
rinsed, and dried the chipsthat had remained in the bot-
tom of the graduated cylinder and confirmed with the
binocular microscope that this heavy fraction consisted
amost entirely of chips of matrix material. Each result-
ing phenocryst and matrix separate was ground to afine
powder in thetungsten carbide ball mill, and the K-feld-
spar in the—-325 mesh fraction was purified by two cen-
trifugations in fluid of density 2.580 g cm 3.

K-feldspar concentrates were analyzed by X-ray
powder diffraction (CuKa radiation) from 18° to 54°
26 at ascan rate of 0.10°/minute using afully automated
Scintag X DS-2000 diffraction system with a6—6 goni-
ometer and a germanium solid-state detector. Thealign-
ment of the goniometer was calibrated using finely
powdered quartz (Fisher Reagent Grade SiO,) as an
externa standard.

A preliminary estimate of the structural state of the
K-feldspar_in each sample was determined from the
(060) and (204) peaks (Wright 1968), and the rest of the
K-feldspar peaks were indexed according to Appendix
A1l of Ribbe (1983). Despite our efforts to purify the
K-feldspar, diffraction profiles for most samples were
found to contain one or more peaks from quartz or al-
bite. Therefore, lattice-parameter refinements of K-feld-
spar were based on the following fourteen singlet
K-feldspar peaks, which are free of any potentia inter-
ference from peaks of quartz or abite: (201), (111),
(111), (130), (130), (202), (131), (132), (060), (222),
(403), (113), (113), (204). Unit-cell refinements were
performed according to the procedure of Appleman &
Evans (1973). None of our thirty-five K-feldspar unit-
cell refinements indicated more than 10% lattice strain
according to the procedure of Kroll & Ribbe (1987).
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To verify the accuracy of our experimental system
and techniques, we analyzed a sample of standard ref-
erence microcline (Waldbaum D+E). The results of this
analysis are listed as the next-to-last line on Tables 1
and 2 and plotted with the V symbol on Figures 2B and
3B. Within our experimental precision, this sample has
a completely ordered maximum microcline structure.

ResuLTs

Table 1 lists the results of our lattice-parameter re-
finements for the K-feldspar in thefelsic volcanic rocks
and ring pluton granites of the Butler Hill Caldera. The
uncertainties listed in Table 1 are the average standard
errors for each parameter generated in the unit-cell re-
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finement regressions. Each value in this table is listed
with one digit beyond the first uncertain digit so that
these data can be used in subsequent calculations with-
out theintroduction of round-off error (Bevington 1969,
Lyon 1970). Table 2 lists structural state parameters
calculated from the refined unit-cell parametersfor each
K-feldspar sample. The uncertainties listed in Table 2
were determined by propagating the experimental un-
certainties from Table 1 through the defining equations
for each of the calculated structural parameters accord-
ing to the techniques discussed by Bevington (1969) and
Meyer (1975).

The K-feldspar in all samples analyzed in this study
shows a high, but not maximum, degree of structural
order. On standard plots of the b versus ¢ and o* versus

TABLE 1. MEASURED UNIT-CELL PARAMETERS OF K-FELDSPAR
IN THE ST. FRANCOIS MOUNTAINS SUITE, SOUTHEASTERN MISSOURI

Sample Northing" Easting® Elevation a b c o B Y
(meters) (meters) (meters) (Angstréms) (degrees)
Yag R14P 4170217 730120 296 8.5915 12.9725 7.2140 90.152 116.087 88.420
Phenocrysts R17P 4160716 733012 265 8.5828 12.9694 7.2180 90.546 115.900 87.981
R23P 4175843 712313 323 85858 12.9674 7.2177 90.432 115910 88.216
R24P 4186265 710976 290 8.5947 129725 7.2229 90.380 116.005 88.105
Yag R14M 4170217 730120 296 8.5863 12.9673 7.2142 90.277 115.919 88.514
Matrix R17M 4160716 733012 265 8.5845 12.9634 7.2230 90.515 116.017 87.945
R23M 4175843 712313 323 8.5883 12.9637 7.2149 90.245 116.030 88.510
R24M 4186265 710976 290 8.5898 12.9684 7.2206 90.422 115.982 88.197
Yar R18P 4158188 718827 265 8.6014 12.9762 7.2190 90.100 116.038 88.569
Phenocrysts R19P 4162887 713880 256 8.5806 12.9681 7.2194 90.388 116.097 88.233
R22P 4172723 703627 338 85926 12.9690 7.2098 90.095 115.835 88.440
R25P 4184159 717108 338 8.5964 12.9805 7.2143 90.280 115.988 88.524
Yar R18M 4158188 718827 265 86042 12.9760 7.2049 90.050 115.847 89.349
Matrix R19M 4162887 713880 256 86035 12.9731 7.2174 90.198 115940 88.716
R25M 4184159 717108 338 8.5926 12.9706 7.2084 90.127 115.986 88.788
Ys R15M 4149060 732807 354 8.5902 12.9672 7.2136 90.329 115.844 88.660
Matrix R21M 4168571 706277 357 8.5988 12.9735 7.2192 90.407 115.979 88.179
Ygm - G4 4167639 733282 268 8.5845 12.9725 7.2156 90.370 116.039 88.241
Slabtown Pluton G5 4168561 734957 277 8.5785 12.9704 7.2198 90.479 116.065 88.121
G6 4168622 733096 256 8.5942 12.9657 7.2173 90.406 115.981 88.141
G7 4166053 732084 311 8.5822 12,9653 7.2158 90.519 115.907 88.202
G8 4162024 737639 226 8.5862 12.9729 7.2184 90.694 115.948 88.010
Ygm - G15 4182253 713771 369 85708 12.9621 7.2169 90.585 116.036 87.980
Stono Mtn. Pluton G22 4177181 715904 497 8.5978 12.9830 7.2212 90.471 116.066 88.030
G23 4176422 716398 390 8.5970 12.9760 7.2201 90.366 116.022 88.041
G24 4177549 715554 427 85981 12,9768 7.2214 90.453 116.024 88.068
Ygl - G16 4159333 726410 189 8.5868 12.9679 7.2157 90.096 115.981 88.591
Silvermine Pluton  G17 4159301 725306 259 8.5885 12.9701 7.2172 90.389 116.058 88.053
G18 4162643 719916 223 8.5974 12.9715 7.2166 90.367 115.996 88.330
G19 4163988 720060 244 85901 12.9731 7.2171 90.406 115978 88.101
G20 4163675 720952 219 85889 12.9638 7.2190 90.420 115909 88.051
G21 4159053 728337 251 8.6009 12.9730 7.2128 90.542 115.994 88.126
Yal - G11 4173458 731398 274 8.5888 12.9710 7.2165 90.073 116.108 88.403
Knob Lick Pluton G12 4172084 731790 285 8.5778 12.9617 7.2137 90.660 115.968 88.101
G13 4172102 730663 351 8.5891 12.9669 7.2178 90.474 115.980 88.089
Reference Microcline Waldbaum D+E'" 8.5708 12.9579 7.2217 90.706 115.986 87.633
Uncertainty* 0.0034 0.0026 0.0012 0.050 0.024 0.049

1 Universal Transverse Mercator Grid, Zone 15. ¥ Kindly provided by R.F. Martin, McGill University.
1 Each uncertainty listed is the average of the standard errors for that parameter from the 36 unit-cell refinements.
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TABLE 2. CALCULATED STRUCTURAL PARAMETERS FOR K-FELDSPAR
IN THE ST. FRANCOIS MOUNTAINS SUITE

Sample V o v tot  tm'
(Angstréms®) (degrees)

Yag R14P 7218 9060 9168 0.78 0.11 077 098
Phenocrysts R17P 7223 90.37 9198 092 005 095 1.00
R23P 7225 90.39 91.77 087 0.11 0985 1.00
R24P 7234 9050 9192 0.88 007 091 1.03
Yag R14M 7222 9041 9152 079 016 091 099
Matrix R17M 7219 9043 92.04 093 005 097 098
R23M 7215 9046 9154 0.78 0.15 087 0.97
R24M 7227 9041 9180 0.87 010 093 1.01
Yar R18P 7237 9059 9154 0.76 015 082 1.04
Phenocrysts R19P 7211 9043 9178 084 008 085 0.9
R22P 7228 90.65 9169 081 015 090 1.01
R25P 7234 9041 9151 076 013 078 1.03
Yar R18M 7239 90.26 90.70 059 031 080 104
Matrix R19M 7242 9040 9133 074 020 089 1.05
R25M 722.0 9045 9129 070 0.19 079 099
Ys R15M 723.0 90.28 9133 077 020 095 1.02
Matrix R21M 7236 90.43 9183 086 0.08 0.88 103
Ygm - G4 7216 9045 9178 083 008 081 098
Slabtown Pluton G5 7212 9039 9186 087 006 085 0.9
G6 7225 9045 9187 088 008 091 1.00
G7 7219 90.30 9175 087 0.10 095 098
G8 7225 90.20 91.88 090 0.05 0.90 1.00
Ygm - G15 719.9 90.34 9196 091 0.04 090 093
Stono Mtn. Pluton G22 7236 9044 9196 087 002 078 1.04
G23 7233 90.55 92.00 088 0.04 0.84 103
G24 7236 9044 9193 088 005 085 1.04
Ygl— G16 7220 9058 9152 077 017 088 099
Silvermine Pluton G17 721.8 90.52 91.98 087 004 083 098
G18 723.0 9041 9168 082 0.11 086 1.02
G19 7226 9047 9191 087 0.06 0.8 1.00
G20 7226 9048 9196 091 0.08 0.99 1.00
G21 7230 9031 9182 085 0.05 081 102
Ygl - G111 7216 90.70 91.74 079 0.11 079 0.98
Knob Lick Pluton G12 720.7 90.19 9179 0.89 007 092 095
G13 7222 9040 9189 089 007 091 099
Reference Microcline 7203 90.37 9229 1.01 000 101 094
Uncertainty* 0.3 0.06 006 0.02 002 003 001

1 Kroll & Ribbe (1987), equations 6 and 12. *Z = t,0 + t,m — t,0 — t,m, where t,0
=tm =[1—(t,0 +t,m)}J2 (Krol & Ribbe 1983)

S Hovis (1986), equation 7. T Waldbaum D+E microcline.

# For each calculated parameter the experimental uncertainties from Table 1 were
propagated through the defining equations as discussed by Bevington (1969) and
Meyer (1975).

v* lattice parameters (Wright & Stewart 1968, Kroll &
Ribbe 1983), our samples cluster near, but are not coin-
cident with, the low microcline end-point (Figs. 2, 3).
The structural-state parameter Z (= t;0 + t;m — t,0 —tom
where t,0 = tom = [1 — (t;0 + t;m ))[2; Kroll & Ribbe
1983] for all thirty-five analyses of the K-feldspar in
these rocks varies from alow of 0.77 to a high of 0.99
with an average of 0.87 and astandard deviation of 0.06.

The K-feldspar in the ring pluton granites is uni-
formly highly ordered. The Z parameter for our eigh-
teen analyses of these rocks averages 0.87 with a
standard deviation of 0.06. No significant differencein
K-feldspar structural state was detected among the four
ring pluton granite bodies sampled. The structural state
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Fic. 2. Variation in K-feldspar structural state in the Butler
Hill Caldera, as reveaded by variation in the b and ¢ cell
parameters: (A) felsic volcanic rocks, and (B) ring pluton
granites. Theerror bar included in the explanation indicates
the experimental uncertainty in each data point.

of the K-feldspar in these ring pluton granites is virtu-
ally identical to that determined by Plymate ez al. (1992)
for twenty-eight samples of the Butler Hill — Breadtray
Granite, the subvolcanic granite massif of the Butler Hill
Caldera. [Note: Plymate er al. (1992) calculated Z val-
ues according to the regression equations of Hovis
(1986), whereas we have used the regression equations
of Kroll & Ribbe (1987), which appear to yield values
more consistent with the b— and a*—y* plots. Recalcu-
lation of the data of Plymate et al. (1992) according to
theregression equations of Kroll & Ribbe (1987) yields
an average Z of 0.91 with a standard deviation of
0.03 for the K-feldspar in the Butler Hill — Breadtray
Granite.]
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Fic. 3. Variation in K-feldspar structural state in the Butler
Hill Caldera as revealed by variation in the angles o* and
v* in reciprocal space: (A) felsic volcanic rocks, and (B)
ring pluton granites. The error bar included in the explana-
tion indicates the experimental uncertainty in each data
point.

The K-feldspar in the felsic volcanic rocks also
shows a high degree of structural order. Although the
data for these rocks show a bit more scatter on the b—
and o*—y* plots than the data for the ring pluton gran-
ites, the values of the Z parameter for these two groups
of samples are statistically indistinguishable. Values of
the Z parameter for our nine samples of matrix material
and our eight samples of phenocryst material from the
felsic volcanic rocksare essentially identical: 0.86 mean
with 0.07 standard deviation for the matrix and 0.89
mean with 0.06 standard deviation for the phenocrysts.
On average, the K-feldspar in the Alkali Rhyolite (Y ar)
appears to be dightly less ordered than the K-feldspar
in the Grassy Mountain Ignimbrite (Y ag), but the small

number of samples analyzed for each of these rock units
precludes confirmation with statistical significance.

Discussion

Plymate et al. (1992) showed that the structural state
of the K-feldspar in the exposed portions of the Butler
Hill — Breadtray Graniteis virtually independent of the
inferred depth of crystallization. The present study ex-
tends that conclusion to include all major igneous rock
units exposed in the Butler Hill Caldera.

Figure 4A shows the K-feldspar structural state pa-
rameter Z for our analyses, as well as those of Plymate
et al. (1992) [recal cul ated using the regression equations
of Kroll & Ribbe (1987)], plotted versus elevation with
respect to a surface dipping 10°, S68°W. This surface,
arbitrarily anchored at sample site F4 of Plymate et al.
(1992), represents a plane of constant major-element
geochemistry within the main exposure of the Butler
Hill —Breadtray Granite, and hastherefore beeninferred
to represent a plane that was originally horizontal dur-
ing the crystallization of this subvolcanic massif (Sides
1980). Itisclear from Figure 4A that the structural state
of the K-feldspar throughout the entire Butler Hill
Caldera complex is highly ordered and very nearly ho-
mogeneous, and that there is no significant variation
with inferred depth of crystallization. [Note that our data
for the volcanic phenocrysts are omitted from this plot
because we have no way of estimating the relative depth
of crystallization for that material. For the same reason,
the data for the two Butler Hill Granite samples which
Plymate et al. (1992) collected northeast of the Simms
Mountain Fault also have been omitted.] A linear re-
gression of Z versus inferred structural elevation yields
a correlation coefficient of 0.19, which is not signifi-
cant at the 0.95 probability level.

The lack of significant variation in structural state
with inferred depth of crystallization or with inferred
mode of crystallization (volcanic phenocryst versus
volcanic matrix versus hypabyssal ring pluton versus
subvolcanic massif) suggests that the K-feldspar
throughout the Butler Hill Caldera has re-equilibrated
subsequent to crystallization. Because microclineisthe
thermodynamically stable state for K-feldspar under
ambient conditions, one might expect re-equilibration
to highly ordered structures to be the norm for the ex-
posed portions of ancient igneous complexes. However,
in the absence of deuteric, hydrothermal, or metamor-
phic conditions, the driving force for the orthoclase-to-
microcline transition is very low (Brown & Parsons
1989), and K-feldspar with intermediate to low struc-
tural order has been documented from a number of un-
altered Precambrian igneous complexes (Martin &
Falster 1986, Schandl er al. 1986, Stevenson & Martin
1988). Therefore, weinterpret the homogeneity in struc-
tural state of the K-feldspar across the entire Butler Hill
Caldera complex to be evidence for a pervasive dter-
ation event.
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Authors of numerous petrographic studies have
documented extensive alteration of feldsparsin the But-
ler Hill Caldera (Tolman & Robertson 1969, Anderson
1970, Sides et al. 1981, Brown 1983, 1984, Lowell
1991). Our petrographic examination of the samples
used in this study indicates that virtually all crystals of
both K-feldspar and plagioclase are extensively altered.
In some samples, the alteration products are sufficiently
coarse-grained that individual crystals of muscovite and
hematite can be identified, but in most samples, the al-
teration products appear primarily as a pervasive fine-
grained “clouding” of the feldspars. We ran the
X-ray-diffraction spectra for seven of our K-feldspar
concentrates to 2°26, and we detected pesksfor illite or
kaolinite (or both) in five of them. The detection of XRD
peaks for phyllosilicates even in random-orientation
powder mounts attests to the abundance of fine-grained
alteration products in these rocks.
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Fic. 4. Structural state of K-feldspar, as monitored by the pa-
rameter Z, versus (A) “structural elevation” as defined as
perpendicular distance to a surface dipping 10°, S68°W,
arbitrarily anchored at sample site F4 of Plymate ef al.
(1992), (B) horizontal distance from Simms Mountain
Fault, and (C) present topographic elevation.

A number of processes and events have been pro-
posed to account for ateration of rocks in the Butler
Hill Caldera, and it seems likely that the homogeniza-
tion of the K-feldspar structural state also resulted from
one or more of these:

1. devitrification of the ash in the felsic volcanic
units (Brown 1984).

2. liberation of deuteric fluidsduring crystallization
of the subvolcanic massif, the Butler Hill — Breadtray
Granite (Tolman & Robertson 1969).

3. liberation of deuteric or hydrothermal fluids dur-
ing the emplacement and crystallization of the ring plu-
tons (Brown 1984, Lowell 1991).

4, akaline magmatism at approximately 1.36 Ga
(Van Schmus et al. 1996), which produced two-mica
“tin granites’ and associated magmatic iron-ore depos-
its (Kisvarsanyi 1980, 1981, Kisvarsanyi & Kisvarsanyi
1989).

5. emplacement of basaltic dikes and related mafic
intrusive bodies. There appear to have been two epi-
sodes of mafic magmatism in the caldera, the first es-
sentially contemporaneous with the end of the felsic
igneous activity at 1.47 + 0.03 Ga, and the second at
approximately 1.33 Ga (Amos & Desborough 1970,
Honda et al. 1985, Ramé et al. 1994, Lowell & Ramo
1999, Lowell & Young 1999).

6. migration of fluids associated with development
of the Simms Mountain Fault and other related north-
west-striking transfer faults formed during the Late Pro-
terozoic — Early Cambrian opening of the Reelfoot Rift
(Clendenin ef al. 1989, Lowell 1991).
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7. weathering of the Proterozoic rocks during sub-
aerial exposure prior to deposition of the Upper Cam-
brian Lamotte Sandstone.

8. dolomitization of the Upper Cambrian Bonneterre
Formation (Stein & Kish 1991, Shelton ef al. 1992).

9. formation of the “Mississippi-Valley-type” Pb—
Zn—Cu sulfide ore deposits within the Upper Cambrian
strata (Hagni 1989, Aleinikoff et al. 1993, Clendenin et
al. 1994).

10. migration of fluids associated with reactivation
of the Simms Mountain Fault and other related north-
west-striking faults during the Middleto L ate Paleozoic
uplift of the Ozark Dome (Clendenin et al. 1989, Lowell
1991).

Of these ten events, the first two are inadequate to
explain the uniformity in structural state of the K-feld-
spar throughout the entire Butler Hill Caldera because
they preceded crystallization of one or more of the ma-
jor rock units exposed within the complex. In particu-
lar, the presence of uniformly highly ordered K-feldspar
in each of the hypabyssal ring plutons indicates that the
homogenization of the K-feldspar structural state must
have occurred subsequent to (or at least simultaneous
with) the last major phase of the 1.47 + 0.03 Ga
magmatism. The third and fifth events listed, crystalli-
zation of the ring plutons and emplacement of the ba-
saltic dikes, are unlikely candidates for explaining the
widespread structural homogenization of K-feldspar
because their effects should have been rather localized.

If modification of the K-feldspar structural state had
been caused by fluids emanating from the SimmsMoun-
tain Fault and related northwest-trending faults (events
#6 and #10 as listed above), one would expect lateral
gradients with distance from those structures. Wenner
& Taylor (1976) found that oxygen isotope ratios in
most major igneous rock units exposed in the St.
Francois Mountains have been reset by reaction with
low-temperature (<200°C) hydrothermal fluids, and
Lowell & Clendenin (1991) demonstrated that the ex-
tent of this isotopic disturbance varies proportionally
with proximity to the Simms Mountain Fault and the
parallel fault to the southwest, the Black Fault. Our data
shows no corresponding variation with distance from
these faults (Fig. 4B). We therefore conclude that the
process responsiblefor structural homogenization of the
K-feldspar was an event more pervasive than fault-con-
trolled migration of low-temperature hydrothermal
fluids.

Modification of the K-feldspar in the Mesopro-
terozoic igneousrocks of the Butler Hill Caldera caused
primarily by subaerial weathering prior to deposition of
the Upper Cambrian Lamotte Sandstone (#7) or by mi-
gration of fluids through the overlying Paleozoic sedi-
mentary rocks (#8 or #9) should vary verticaly with
present topographic elevation. Sutton & Maynard
(1996) reported such arelationship for alteration in the
Paleozoic stratain five cores drilled around the perim-

eter of the St. Francois Mountains. However, K-feld-
spar structural state in the underlying igneous rocks
shows no corresponding variation with present eleva-
tion (Fig. 4C). A linear regression of Z versus present
topographic elevation for our data, combined with the
data of Plymate er al. (1992) [recalculated using the re-
gression equations of Kroll & Ribbe (1987)] yields a
correlation coefficient of 0.19, which is not significant
at the 0.95 probability level. Wetherefore conclude that
the process responsible for structural homogenization
of the K-feldspar was other than, and more pervasive
than, subaerial westhering or migration of fluidsthrough
the overlying sedimentary rocks.

We believe that the most likely cause of the homog-
enization of the K-feldspar structural state is late-stage
alkaline magmatic activity (event #4). By analyzing
drill-core samples from throughout southeastern Mis-
souri, Kisvarsanyi (1980, 1981) has determined that a
significant fraction of the granitein the Mesoproterozoic
St. Francois Terrane, particularly that portion of the ter-
rane presently buried under Paleozoic sedimentary
rocks, is akali-rich “tin granite” formed by resurgent
doming to create central plutons within most of the
major calderastructures. The central plutoninthe Taum
Sauk Cadera, the Graniteville Granite, has been dated
by U—Pb zircon geochronology at approximately 1.36
Ga (Van Schmus et al. 1996). The Butler Hill Caldera
differs from the Taum Sauk Caldera and most of the
buried caldera structures in that its volcanic pile and
comagmatic subvol canic granite massif are of sufficient
thickness that no resurgent central pluton is exposed or
has been encountered in drilling. Evidence that such a
late-stage alkaline central pluton exists at depth within
the Butler Hill Caldera comes primarily from the vari-
oustypes of geochemical alteration of the 1.47 Garocks,
which can be attributed to this later igneous activity,
including emplacement of magmatic iron-ore bodies
into thevolcanic pile (Kisvarsanyi 1981, Kisvarsanyi &
Kisvarsanyi 1989).

Anderson (1970) and Brown (1983, 1984) docu-
mented extensive chemical alteration in the volcanic
rocks of the St. Francois Mountains. By re-analyzing
the data of Bickford er al. (1981), Cullers et al. (1981),
and Pallesen er al. (1988), Lowell (1991) demonstrated
that the major plutonic rock units exposed in the Butler
Hill Caldera have undergone extensive subsolidus
geochemical ateration, including alkali-exchange meta-
somatism. Bickford & Mose (1975) found that Rb—Sr
ages for many of the major rock units exposed in the St.
Francois Mountains appear to be younger than the U—
Pb zircon ages for those same rock units by 0.1 Ga or
more. They attributed this discrepancy to a pervasive
geochemical event that resulted in a systematic loss of
Sr across the complex.

Lowell (1991) and Lowell & Clendenin (1991) at-
tributed the pervasive geochemical alteration within the
Butler Hill Calderato at least two separate episodes of
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metasomatism: (1) aninitial high-temperature event in-
volving convective circul ation of meteoric water driven
by heat from late-stage plutonic activity, and (2) alower-
temperature “postmagmatic thermotectonic event” as-
sociated with the Late Proterozoic development of the
Reelfoot Rift. We believe that the structural homogeni-
zation of the K-feldspar throughout the Butler Hill
Calderaismost likely correlated with the earlier of these
two events, and we further believe that this event was
most likely caused by the 1.36 Ga alkaline magmatism.

X-ray measurements of the unit-cell dimensions of
an alkali feldspar allow calculation not only of its struc-
tural state, but also its composition. Nor, the mole frac-
tion of the K-feldspar end-member, isvery closeto 1.00
for the alkali feldspar phase in each major rock unit
exposed in the Butler Hill Caldera(Table 2 of thisstudy,
plus Table 2 of Plymate et al. (1992) for the Butler Hill
— Breadtray Granite). For such K-rich compositions to
result from subsolidus exsolution would require ther-
mal equilibrium to be maintained to rather low tempera-
ture (probably 200 to 300°C, depending on the pressure)
(Martin 1974, Yund & Tullis 1983). In turn, if thermal
equilibrium had been maintained at such low tempera-
ture for even amoderately extended period of time, es-
pecially in the presence of metasomatic fluids, one
would expect the alkali feldspar to have attained very
nearly complete structural order (Z = 1.00) (Brown &
Parsons 1989). Thefact that the alkali fel dspar through-
out the Butler Hill Caldera shows high but not maxi-
mum structural order suggests that the structura state
of these feldspars was homogenized by thermal anneal -
ing at a moderately high subsolidus temperature, and
that the compositions were subsequently purified by
lower-temperature hydrothermal/metasomatic alter-
ation. Therefore, we contend that the homogenization
of the structural state of the feldspars throughout the
complex was caused primarily by heat from the 1.36 Ga
alkaline magmatism, and that the compositional purifi-
cation reflects one or more subsequent, lower-tempera-
ture events.
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