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of the year. Jambor and Traii l  conducted their investigations in Ottawa,
Ontario, a mid-continental region of moderate humidit-v, in which roze-
nite is probably the stable phase for much of the year. Hence both sets of
investigators reached correct conclusions for their particuiar localit ies.

The problem is to a great extent caused by the normal reluctance of
melanterite to dehydrate under conditions of low humidity. This metas-
table persistence is probably due to large grain size and lack of appre-
ciable air movement over the sample.
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Sulfate minerals, especially gypsum, are present in large quantities in
most of the extensive limestone caves of the Mississippian plateaus and
outliers of Centrai Kentucky. Many descriptions of these deposits have
been publ ished (Locke,  1842;  Wel ier ,1927;  Huf f ,  1940);however,  the
origin of the deposits has remained obscure.

1 Contribution No. 8 of the Cave Research Foundation and Contribution No. 63-78

of the College of Mineral Industries, The Pennsylvania State University.
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Various sources have been suggested for the suifates. These include
sulfides occurring elsewhere in the stratigraphic column (Welier, 1927;
Pohl and Born, 1935) and inwash materials from an arid soil presumed to
exist in Pleistocene time (Davies and Chao, 1959). Other sources, such as
ion exchange on the clavs of the cave fi l ls and oxidation products from
sulfur-consuming bacteria have been discussed, although not formally
published.

We shall argue that sulfides are the source of the sulfates, (i) by show-
ing that an overlying source of sulfides exists, and (i i) by describing the
processes of weathering, transportation and deposition that can reason-
ably be expected to have occurred in the given circumstances.

Because of their very rapid rate of weathering, sulfide minerals are not
normallv observable in outcrop. Fortunateiy, new road and facil i ty con-
struction in Mammoth Cave National Park and in the vicinity of the
Nolin Reservoir have uncovered numerous unweathered exposures which
have allorved us to make the observations described below.

Pyrite occurs disseminated in the upper 50 feet of the Girkin l imestone.
The contact at the base of the Big Clifty formation2 is exposed in road
cuts on Joppa Ridge, at Turnhole Bend, and on the Park Road to New
Entrance of Mammoth Cave in Mammoth Cave National Park. On

Joppa Ridge the basal Big Clifty is separated from the underlying Girkin
Iimestone bv six feet of black shale with sandstone lenses. The shale con-
tains elemental sulfur in weathered section. At Turnhole Bend less than
1500 feet awa.v, the black shale is missing but there is an extensive weath-
ered layer with much loose powder-v poorly crystall ized sil ica and some
organic material at the contact. At Cane Run, just north of the Park, the
contact between the Big Clifty sandstone and the overlying Haney lime-
stone is exposed. At the contact is two feet of black shale rich in plant
remains and containing thin coals. Nodular pyrite occurs abundantly in
this la1'er, making up approximately 5/6 of the totai bulk. Some pyrite
also occurs disseminated in the Haney limestone.

The mechanisms responsible for the weathering and transport of the
sulfur bearing species are complex; both inorganic and organic mecha-
nisms rnar' be at work. The inorganic chemistry of sulfide weathering has
been rvell documented by Garrels (1960), Sato (1960) and Barnes and
Kullerud (1961) and indicates that the sulfate ion is the stable species in
solution under surface weathering conditions. If the pH of the solution
falls near 2, sulfur may be precipitated and remain metastably, as the
oxygen activity of the solution continues to rise. This may expiain the

2 We use for convenience the formation names adopted by the U. S. Geological Survey
on their recent series of Kentucky Geological Quadrangle maps. The features described
may be found on Mammoth Cave, Rhoda, and Cub Run 7| minute quadrangies.
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sulfur which occurs in the black shale. If the pH is buffered near neutral-
ity as it would be if the solution were in contact with carbonates, only the
sulfate ion shouid appear.

Samples coilected from the Cane Run occurrence were found to decom-
pose, yielding an effiorescence of white salts within two months in either
open or closed storage when temperatures and relative humidities were
high. This extremely rapid decomposition of the pyrite is unusual and
suggests that decomposition in the presence of atmospheric water ma1' be
bacteriogenic. Evidence of bacteriologic influence on the rate of sulfide
weathering has, for example, been demonstrated in the case of acid mine
waters by Lorenz and Tarpley (1963) and Barnes and Clark (1964).

Samples of pyrite from fresh exposures and seep waters from pyrite
horizons were submitted to various bacterioiogical studies, including
natural collections, crude and sub-cultures. In one series a modified
Leathen medium (Leathen, et al., t95I) at pH 3.0 was used in tubes and
sil ica gel plates. In each case ferric iron was produced within one week at
room temperature. Pure strains of highiy motile autotrophic cells were
produced, mostly occurring singly, less than one micron in largest diam-
eter. Morphoiogy was studied by phase contrast. These forms appear to
by Thi.obaci,llus thiooxidans and T. ferrooxidans. In another series one
gram portions of crushed pyrite were isolated from nodule centers into
steri le disti l led water at pH 7.0. At 24 hours the pH had dropped to 3.5
from which point it continued to drop siowly and gradually in the suc-
ceeding three months to 2.0. A luxurious bacterial f lora of wide variety
culminated in a pure culture of single, motile ovoid cells, slightly less than
one micron in diameter, sometimes arranged in tetrads and short strepto-
coccuslike chains.

The transport of materiai from the weathered sulfide source in the over
lying clastic rocks to the site of deposition in the cavern passages is not
observable. We postulate that the source pyrite is weathered with the aid
of bacteriai action at the surface of the Big Clifty sandstone. The iron
remains in the sediment as an isoluble iron oxide and h1'droxide, or is
transported only short distances to form the observed iron staining of the
outcrops while the sulfate ion is carried in solution through breaks or
absences of the basal shaie into the l imestone. Since the cavern passages
are sparsely distributed, the sulfate bearing solutions reach passages on
all levels in the limestone-not merely the highest level passages. The
avenues of transport in the l imestone are joints, fractures, bedding planes
and clastic zones and may involve both vertical and horizontal motion of
the solutions.

The earlier work of WeIIer (1927) and Huff (1940) and the recent report
of Davies and Chao (1959) agree that the sulfate minerals occur both on
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walls and ceil ings of passages as crusts and groups of curved acicular
crystals, and in the clastic sediments of the cave floors. Davies and Chao
claim that gypsum is uniformly dispersed in the cave fills. The wall and
cei l ing sul fates are not  uni form in d is t r ibut ion;  some passages are in-
tensely mineralized, others very sparsely mineralized. Sulfates occur at
all levels in the cave system except for the base level passages which are
frequently f looded.

Sulfate minerals occur on the ceilings of certain caves of the Sinkhole
Plain which carry perennial free-surface streams. The gypsum must
have been deposited by downward moving solutions rather than by
lateral movement with the stream sediments.

Frc. 1. Photomicrograph of limestone fragments now nearly replaced by gypsum.
Crossed polars. X12.

The emplacement of gypsum in the caves results in much fragmenting
and chemical attack on the wallrock. There are many rock fall zones
containing rp to 200/6 gypsum in which the coliapse was apparently acti-
vated by crl,stai wedging. Thin sections of the rock fragments exhibit
many veinlets of gypsum intruding into the limestone and evidence of
attack and replacement of calcite by gypsum (Fig. 1). Other evidences of
chemical attack are curved rock slabs in which replacement of l imestone
by gypsum is nearly complete and piles of calcite rock flour left as the
final product of l imestone degradation.

The emplacement mechanism involves the reaction of a sulfate-bearing
solution with calcite wall rock and mav be written as:

H+ + SO42- i CaCOa=: CaSOr.2IIzO + HCO'
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The equil ibrium constant for this reaction can be calculated from Lati-
mer's (1958) thermochemical data to yield:

ln9o, I : ,0,,.
[FI+l [SOTFJ

Since the pH of solutions moving in l imestone is expected to be near 7, the
expected bicarbonate ion sulfate ion ratio would be near unity. Thus, the
sulfate ion-bicarbonate ion concentrations are just balanced and any
decrease in bicarbonate ion concentration wil l cause gypsum to be de-
posited. The necessity for releasing CO2 gas in order for the reaction to
proceed is a l ikely explanation for the observed fact that much of the
gypsum is deposited in the cave wallrock rather than deeper in the l ime-
stone. Build-up of COz pressure would halt the reaction unti l the percola-
tion of the solution brings it near an open cave passage. Release of COz
into the cave atmosphere would cause the g)'psum to be deposited by an
in s'i.tu. reaction in the wallrock, thus causing the observed attack and
replacement.

Additional transport of gypsum
ma1. be responsible for the gypsum
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by solution could sti l i  take place and
which occurs in the clastic f i l ls.




