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ANCIENT SOLUTION PHENOMENA IN THE MADISON LIMESTONE
(MISSISSIPPIAN) OF NORTH-CENTRAL WYOMING

By WILLIAM J. SANDO, Washington, D.C.

Abstract.— A karst topography was developed on the Madison
Limestone of north-central Wyoming during the middle Meramecian—
early Chesterian time interval. Ancient karst features include enlarged
joints, sinkholes, caves, and solution breccias that resulted from
leaching of evaporitic beds in the upper 400 ft of the Madison bedrock.
These features are predominantly phreatic rather than vadose. Most of
the open spaces are filled by sand and residual products reworked by
the early Amsden sea, which transgressed the area during the
Chesterian.

An ancient karst surface developed on the Madison Lime-
stone and equivalent rocks is a widespread feature in the
Rocky Mountain region of the United States (Henbest, 1958,
p. 37—38). Study of the Madison Limestone in north-central
Wyoming has revealed many solution features related to this
ancient karst topography. The purpose of this paper is to
describe these solution features and to discuss their origin.

I am grateful to J. T. Hack for his critical examination of
ideas expressed herein and to J. T. Dutro, Jr., and Mackenzie
Gordon, Jr., for their review of the manuscript. Suggestions by
S. S. Oriel, W. W. Mallory, and C. A. Sandberg are also
gratefully acknowledged. Mackenzie Gordon, Jr., J. W. Hud-
dle, and I. G. Sohn identified some of the fossils listed in the
report.

STRATIGRAPHY

The Madison Limestone includes as much as 1,000 ft of
predominantly carbonate strata of Early and Late Mississip-
pian age (Kinderhookian—early Meramecian) in central Wyo-
ming (Craig, 1972, p. 103). Ancient solution features discussed
in this report occur in the upper two members of the Madison,
which have an aggregate thickness of as much as 360 ft in the
area studied. The Bull Ridge Member (Sando, 1968), upper-
most of the two, consists of a lower unit of dolomitic
siltstone, silty dolomite, and shale (upper solution zone of
Sando, 1967a), overlain by limestone and dolomite that
contain fossils of early Meramecian age (Diphyphyllum Zone
of Sando, 1967a). The Bull Ridge may be as much as 120 ft
thick. Underying the Bull Ridge Member is an unnamed
member that consists largely of cliff-forming cherty limestone

and dolomite of Osagean age (Spirifer madisonensis Zone of
Sando, 1967a). The lower part of this unnamed member
consists of a solution zone made up of limestone and dolomite
breccia in siltstone and shale matrix (lower solution zone of
Sando, 1967a). The unnamed member ranges in thickness
from about 80 to 240 ft.

The Madison is overlain disconformably by the Amsden
Formation (Darton, 1904), which includes, in ascending order,
the Darwin Sandstone Member (Blackwelder, 1918), the
Horseshoe Shale Member (Mallory, 1967), and the Ranchester
Limestone Member (Mallory, 1967). The Darwin is unfossili-
ferous, white to red, fine- to medium-grained, ordinarily
crossbedded quartz sandstone of Chesterian age as much as
200 ft thick in the area studied. The overlying Horseshoe Shale
Member consists of as much as 150 ft of red siltstone and shale
containing sparse, discontinuous, thin beds of fine-grained
quartz sandstone and fine-grained limestone. Fossils found in
the Horseshoe range from Chesterian to Morrowan in age. The
Horseshoe is succeeded by the Ranchester Limestone Member,
a variable sequence of cherty dolomite and limestone, red and
green shale and siltstone, and sandstone of Morrowan and
Atokan age as much as 250 ft thick in the area studied.

Generalized stratigraphic relations of the beds above and
below the Madison—Amsden contact and related Madison
karst features are shown in figure 1. Great variation in the
thicknesses of the Darwin Sandstone Member of the Amsden
and the Bull Ridge Member of the Madison are largely
dependent on the depth of the erosion surface.

SOLUTION FEATURES

Localities in north-central Wyoming where solution features
were observed are shown in figure 2. These features are
classified in four principal categories below, and their impor-
tant characteristics are summarized in table 1.

ENLARGED JOINTS

Description.—Joint passages perpendicular or parallel to
bedding of the carbonate strata are common in the upper
Madison. These passages range from less than an inch to as
much as a foot in width and are filled with red fine- to
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Figure 1.—Generalized sketch of solution features in the upper part of the Madison Limestone in north-central Wyoming.

medium-grained sandstone, siltstone, and shale. Reticulate
networks of joint passages are common. Continuity with the
post-Madison erosion surface is readily established at most
localities. These filled joints are most common in the Bull
Ridge Member but may extend considerable distances down
into the upper part of the underlying unnamed limestone
member of the Madison, particularly at localities such as
Brown Spring Draw (table 1), where the Bull Ridge Member is
absent. The observed maximum depth of these features below
the disconformity ranges from 6 to 93 ft.

Origin.—The joint passages are the result of enlargement of
fractures and were formed by meteoric waters that trickled
down through the fractured carbonate rocks when the area
stood above sea level during post-Madison uplift. Terrigenous
fillings of these openings may have been derived partly from
insoluble residues of the country rock and residual soil
overlying the bedrock surface but are composed mostly of
sand that entered during deposition of the overlying Darwin
Sandstone Member.

SINKHOLES

Description.—Large cavities with demonstrable continuity
with the regional disconformity have been observed at eight
localities in north-central Wyoming (table 1). Although the
exact shapes and dimensions of these features are difficult to
determine because of poor exposures, they appear to be
characterized by steep, nearly parallel walls, commonly having
reentrants and overhangs. Angular blocks of carbonate rock
similar to the adjacent wallrock occur at various levels in the
cavities at some localities. Cavity fillings are principally poorly
bedded fine- to medium-grained red sandstone and lesser
amounts of red shale and siltstone. The sinkholes are found
mainly in the Bull Ridge Member and tend to terminate at the
base of this unit, but at North Crazy Woman Creek a sinkhole
extends down into the underlying unnamed limestone mem-
ber. The cavities are as much as 50 ft wide at the top and may
extend as much as 90 ft below the post-Madison erosion
surface.
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Figure 2.—Localities in Wyoming where Madison solution features were
observed. See table 1 for detailed descriptions of the solution
features.

Origin.—The sinkholes, like the enlarged joint passages, are
clearly features that developed near the bedrock surface during
subaerial exposure of the Madison Limestone. Although
breccia of carbonate rock occurs in many of these cavities, no
evidence of their origin by collapse of the roofs of caves was
found. Probably they were formed mainly by intensive
solution by meteoric waters along fractures, accompanied by
collapse of parts of their walls. The sinkholes were partly filled
with residual products of the solution process and breccia
from the walls, but the principal fill material is sand deposited
during deposition of the overlying Darwin Sandstone Member.
The lack of deformational features such as those observed by
Bretz (1940) in cavities in the Joliet Limestone seems to rule
out post-Darwin origin of the cavities and injection of the
fillings.

CAVES

Description.—Irregular-shaped solution cavities, lacking ob-
vious connection to the erosion surface and ranging from less
than a foot to tens of feet in maximum observed dimensions,
are quite common throughout the Madison Limestone in
north-central Wyoming. Many of these are open cavities
undoubtedly related to Tertiary and Holocene land surfaces.
However, caves are particularly abundant in the Bull Ridge and
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the unnamed limestone member of the Madison to a depth of
200 to 350 ft below the top of the formation; they are
notably less common below this level. A noteworthy feature
of many of the caves in the upper part of the Madison is their
complete filling by red sandstone, siltstone, and shale (table
1), which suggests a pre-Amsden origin and distinguishes these
caves from later ones. Reexcavation of some of the pre-
Amsden caves during Tertiary and Holocene time, as suggested
by Elliott (1963) in the Pryor Mountains, has obscured the
origin of many of the observed features.

The exact geometry and dimensions of the pre-Amsden caves
were not determined during this study. They appear on
outcrop surfaces (principally in canyon walls) as irregularly
shaped cavities without obvious connection or limitation to
any narrow stratigraphic interval. Angular blocks of limestone
and dolomite derived from the wallrock or roofrock are
common, but the filling is predominantly red sandstone. The
virtual absence of flowstone and dripstone deposits is particu-
larly noteworthy.

Origin.—The sandstone fillings of the upper Madison caves
indicate a pre-Darwin origin for the cavities, followed by an
episode of sand accumulation during deposition of the
overlying Darwin. Two features suggesting that the caves were
excavated below the water table and remained below the
vadose zone throughout most of their history are the absence
of flowstone and dripstone deposits and the distribution of the
caves with respect to the inferred topography of the post-
Madison, pre-Amsden erosion surface. According to Davis
(1930, p. 525) and Bretz (1956, p. 28—37) dripstone and
flowstone are formed when caves are at or above the water
table, where percolating carbonate-rich waters or free-flowing
streams can deposit their dissolved load in a free-air environ-
ment.! Moreover, the maximum depth of stream valleys cut
into the post-Madison, pre-Amsden land surface is an effective
limit to the maximum depth of the vadose zone. Maximum
relief is closely approximated by the total thickness of the
Darwin Sandstone Member, which is about 200 ft in north-
central Wyoming, whereas the deepest caves are about 100 ft
below this level, and most of the caves occur below the
deepest local base levels of the erosion surface. Undoubtedly,
some of the highest caves were in the vadose zone for a short
period of time, but even these were filled with sandstone from
the Darwin cycle before characteristic vadose features were
extensively developed.

1J . T. Hack (written commun., 1970) has pointed out that some of
the Appalachian caves studied by him are lacking in flowstone and
dripstone even though they are in topographic situations similar to
other caves in which these features are well developed. He states that
the presence of flowstone and dripstone is indicative of a vadose history
but the absence of these features does not necessarily rule out a vadose
history of the caves.
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Table 1.—Catalog of solution features in the upper part of the Madison Limestone in north-central Wyoming

ANCIENT SOLUTION PHENOMENA, MADISON LIMESTONE, WYOMING

[Localities shown in fig. 2. Relief, dimensions, and depths are in feet ]

Locality Geographic Ma;c]imurln . lo-  Sinkholes: Sandstone- Upper solution Lower solution S? rllld ztone -
locati cal relief at : : filled zone: maximum zone: maximum illed caves:
ocation top of Madi- dimensions joints: depth below top depth below top dimensions

son exclusive ‘m axi- of Madison of of Madison and and maximum
of sinkholes mum sandstone in nature of matrix depth below
depth lenses and of breccia top of Madi-
below matrix of brec- son
top of cia
Madison
1. Dinwoody S1/2 sec. 1, T. 1 12 wide 60 Lenses, 69 below Lower solution zone 10 high, 30
Canyon. 4N,R.6W, and 20 top. absent. wide, and 40
Fremont deep. below top; 6
County. Widea 7 hi@a
and-128 below
top.

2. Warm S%l/izseﬁ. 3}1{, Not measured None seen Noneseen Matrix of breccia, 272, red siltstone Dimensions not
Spring : Y 75 below top. matrix. measured, 150
Canyon. 107 W.. Fre- below t

mont County. elow top.
3. Horse SW1/4 sec. 19, ..do... ..do ... ...do... None seen.............. 360, red siltstone None seen.
Creek. T. 43 N, R. matrix.
106 W., Fre-
mont County.
4. Wiggins SW1/4 sec. 7, 1-2 do 61 Lenses, 119 below 341, red siltstone Do.
Fork. T. 42 N., R top. matrix. -
105 W., Fre-
. mont County.
5. Red Creek. NE1/4 sec. 28, Not measured ..do... 25 None seen.............. 208, rock flour and 10 wide, 18
T.8N,R. 1 siltstone. high, and 74
E., Hot below top.
Springs
County.

6. Brown Sec. 35, T. 41 ...do... ..do... 71 Upper solution 153, sandstone ma- Several caves 10
Spring N.,R. 92 W, zone absent. trix. or more in di-
Draw. Hot Springs ameter, 6—71

County. below top;
one cave at
least 90 wide,
60 hi%:\, and
138 below
top.

7. Middle NE1/4 sec. 20 ..do... 30 deep None seen ...do... 77, siltstone and ~None seen.
Buffalo and SE1/4 sandstone matrix.

Creek sec. 21, T. 40
’ N.,R. 86 W.,

Natrona

County.

8. Blue SE1/4 sec. 3, 5-15 None seen ...do ... ...do... 182, sandstone and Do.
Creek. T. 42 N, R. rock flour matrix.

85 W., John-

son County.

9. North Secs. 17 and Notmeasured 25 —-30 25 None seen.............. 172, sandstone, Do.
Crazy 28, T. 49 N., wide shale, and siltstone
Woman R. 83 W, and 90 matrix.

Creek. Johnson deep.

County. .

10. South SW1/4 sec. 25, ..do ... None seen 48 ..do ... 160, shale and silt- 20 wide, 12
Rock T. 52 N, R. stone matrix. hl%h, and 48
Creek. 84 W., John- below top.

son County.

11. Tepee SE1/4 sec. 28, ..do... 50 wide Noneseen Upper solution Not measured........... None seen.
Creek. T. 54 N., R. and 50 zone absent.

85 W., Sheri- deep.

dan County.

12. Big Goose NE1/4 sec. 3 w.do... None seen ..do... w.do... 137, sparry calcite Many small
Creek. and NW1/4 matrix. caves through-

sec. 2, T. 54 out upper 70;

N., R. 86 W_, one 10 wide,

and SW1/4 12 high, and
sec. 35, T. 55 342 below

N, R. 86 W, top.

Sheridan

County.
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Table 1.—Catalog of solution features in the upper part of the Madison Limestone in north-central Wyoming—Continued

[Localities shown in fig. 2. Relief, dimensions, and depths are in feet ]

Locality Geographic Ma;ul’murln . lo-  Sinkholes: Sandstone- Upper solution Lower solution Sfa nd x(slton e—
i cal relief at : : filled zone: maximum zone: maximum illed caves:
location top of Madi- dimensions joints: depth below top depth below top dimensions
son exclusive m axi- of Madison of of Madison and and maximum
of sinkholes mum sandstone in nature of matrix depth below
depth lenses and of breccia top of Madi-
below  matrix of brec- son
top of aa
Madison

13. Wolf SE1/4 sec. 5, ..do... 30 wide 35 None seen.............. Not measured........... None seen.

Creek. T. 55 N., R. and 71
86 W., Sheri- deep.
dan County.

14. Little NE1/4 sec. 27 6 None seen 11 ...do ... 290, siltstone matrix Dimensions not
Tongue and NW1/4 measured, 175
River—  sec. 26, T. 56 below top.
US 14, N, R.87W,

™ Sheridan
County.

15. Little SE1/4 sec. 15, 2 ...do ... None seen .do... Not measured........... 50 wide, 32
Tongue T. 56 N., R. high, and 60
River— 87 W., Sher- below top.
U.S.14. idan County.

16. Tensleep Sec. 27, T. 48 3—4 ...do ... 6 ..do ... 165, siltstone matrix Dimension not
Canyon, N, R.87W,, measured, 37

Washakie below top.
County.

17. Paintrock NW1/4 sec. 20, Not measured ...do... None seen  Sandstone matrix 241, siltstone and None seen.

Creek. T. 50 N, R. in collapse brec- sandstone matrix.
88 W., Big- cia, 19 below
horn County. top.
18. Shell S1/2 sec. 9 and 5 53 deep 93 None seen.............. 175, siltstone and Small cavities
Canyon. E1/2 sec. 17, shale matrix. 90~130 below
T. 53 N., R. tog; one cave
90 W., Big 130 below
Horn County. top, dimen-
sions not mea-
sured.

19. Sheep NW1/4 sec. 2, Notmeasured None seen 13 ...do... 290, siltstone and [Noneseen,
Mountain. T. 53 N., R. shale matrix.

94 W., Big-
Horn County.
20. Cotton- SW1/4 sec. 34 ...do... ...do ... 22 ...do ... 226, siltstone and Do.
wood a nd335%lé$ shale matrix.
anyon. 8€C. 99, 1.
Cany N..R.93'W.,
Big Horn
County.

21. Devils Sec. 36, T. 9 ...do... 50 deep 63 ...do ... 223, siltstone matrix 20 wide, 21

Canyon. S., R.28 E,, hi%h, and 106
Big Horn below top.
County,

Mont.

22. Shoshone NE1/4 sec. 5, 16 None seen  Noneseen Lenses, 38 below 192, siltstone matrix 30 wide, 9 high,

Canyon. T. 52 N, R. top. and 51 below
102 W., Park top.
County.

23. Clarks E1/2 sec. 6 and Not measured 50 wide 36 None seen ............. 261, siltstone matrix Many small
Fork %Wlsgt Is\lec. é, z;r{;dd25— gz(a)ves in upper
Canvyon. . ., R B eep. ; one cave

YO 103 W., Park P 50 wide, 20
County.

high, and 50
be?;w top.
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Stratigraphic problems.—The irregularity of some sandstone-
filled caves, particularly those that were developed along
bedding planes, causes difficulty in determining age and
stratigraphic relations at some localities. An example of such a
problem may be seen at a locality on U.S. Highway 14 near
the north end of the Bighorn Mountains (fig. 3).

Here the lowest beds exposed are predominantly thick-
bedded, fine-grained, cherty limestone that clearly belongs to
the Bull Ridge Member of the Madison Limestone. These beds
contain the corals Diphyphyllum, Syringopora, and Vesiculo-
phyllum, which are characteristic of the Diphyphyllum Zone
of Sando (1967a). A bed of stromatolitic limestone and chert
occurs near the top of the cliffy limestone outcrop. Overlying
the limestone is 0.5 to 1.5 ft of red, fine-grained calcareous
sandstone containing fine-grained limestone pebbles. The
sandstone 1is overlain by 1 to 2 ft of silty, fine-grained,
thin-bedded limestone, which is in turn overlain by 12.5 ft of
red, fine-grained sandstone containing rounded limestone
pebbles at the base and abundant angular limestone fragments
in the upper half. Above the sandstone is about 5 ft of
limestone that is medium grained, crossbedded, and bioclastic
in the upper 1.5 ft. Friable white chert occurs in the upper
foot of this unit. The uppermost limestone is overlain by at
least 18 ft of yellowish-gray to red, poorly bedded, fine-
grained sandstone containing limestone pebbles at the base.

All contacts between limestone beds and superjacent sand-
stone beds are irregular and overlain by limestone pebbles in
the sandstone that appear to have been derived from the
immediately subjacent bed. The uppermost limestone has an
extremely irregular contact with the sandstone on which it
rests. The sequence above the main limestone cliff has the
appearance of a depositional series of interbedded sandstone
and limestone marked by unconformities between each of the
successive units. One might conclude that the base of the

ANCIENT SOLUTION PHENOMENA, MADISON LIMESTONE, WYOMING

Darwin Sandstone Member is at the base of the lowest
sandstone bed and that marine limestones are included in the
lower 20 ft of the Darwin.

Fossils collected from the uppermost limestone and chert
provide the basis for an alternative explanation of the history
of this sequence. The fauna of the crossbedded limestone
(USGS colln. 22659-PC, 22197-PC, 22198-PC, fig. 3) is as
follows:

Schizophoria sp.

Pugnoides? sp.

Rhynchonelloid? brachiopod, indet.

Eumetria verneuiliana (Hall)

Beecheria® sp.

Falcodus? sp.

Neoprioniodus sp.

Ozarkodina cf. O. laevipostica Rexroad and Collinson
0. sp.

Diplodella sp.

Spathognathodus penescitulus Rexroad and Collinson
S. n. sp.

S. sp.

The fauna of the chert at the top of the uppermost
limestone (USGS colln. 22199-PC, fig. 3) is:

Spiriferoid brachiopod, indet.
Serpulinid worm tubes
Sanguinolites? sp.
Paraparchites sp.

The brachiopods in the assemblage from the limestone are
Mississippian types, but they do not indicate what part of the
Mississippian System is represented. Eumetria verneuiliana,
although a long-ranging Mississippian species, is not an Amsden
form. Another Eumetria, E. sulcata Burk, is found in the

Feet
40
DARWIN SANDSTONE USGS colln. 22659-PC, 22197-~PC, 22198-PC
MEMBER from crossbedded limestone 3.5—4 ft. above
BULL RIDGE base of this bed
30+ MEMBER ;

Stromatolite _wi °X
bed Ny W

USGS colln. 22199-PC
from chert layer at
top of this bed

20

104
0 T T T — T T y T ¥ T —T N
0 10 20 30 40 50 60 70 80 90 100 110 120 Feet
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Mississippian part of the Amsden. According to J. W. Huddle
(written commun., 1970), the conodonts from the limestone
are indicative of a Salem—Warsaw age. Spathognathodus
penescitulus is an exclusively Salem—Warsaw species. True

Ozarkodina laevipostica occurs in the St. Louis Limestone, but -

similar forms are found in the Salem—Warsaw interval.
Falcodus, Diplodella, Prioniodina, and Neoprioniodus are
long-ranging genera whose ranges are compatible with a
Salem—Warsaw age. The conodonts show no evidence of
having been reworked.

Inasmuch as the Bull Ridge Member is also of Salem—
Warsaw age (Sando and others, 1969, p. E22, fig. 7), the
faunal evidence indicates that the limestone beds intercalated
with sandstone at this locality belong in the Madison Lime-
stone. This interpretation requires that the sandstone beds
below the highest limestone represent deposition of the
Darwin in solution cavities below the Darwin—Madison inter-
face. The interpretation is compatible with the widespread
solution effects observed in the upper part of the Madison and
with the absence of marine limestone beds elsewhere in the
Darwin. Moreover, all evidence bearing on the origin of the
Darwin elsewhere indicates that the earliest sandstone deposits
were fluvial.

SOLUTION ZONES

Description.—Stratigraphically limited brecciated carbonate
rock having a terrigenous matrix is extensively developed at
two levels in the Madison Limestone of north-central Wyo-
ming. In the lower part of the Bull Ridge Member, a persistent
interval of dolomitic siltstone, silty dolomite, and shale
contains angular blocks of limestone or dolomite like that of
the overlying carbonate interval at some localities (upper
solution zone of Sando, 1967a). A more persistent and
conspicuous breccia zone occurs at the base of the unnamed
limestone member of the Madison in the area northward from
the north end of the Wind River Range (lower solution zone of
Sando, 1967a). The lower breccia is about 10 to 50 ft thick
and consists of poorly sorted angular fragments of limestone
and dolomite in a matrix of poorly bedded siltstone and shale.
Less commonly, the matrix is quartz sandstone or occasionally
fine-grained carbonate or sparry carbonate. The size of the
fragments generally increases upward from an irregular but
sharply defined base of the breccia zone. The lower breccia
grades upward through an overlying breccia characterized by
progressive decrease in the terrigenous content of the matrix,
increase in size of the fragments to tens of feet in diameter,
and increase in regularity of orientation of the fragments into
well-bedded, unfragmented carbonate rock. Quartz sandstone
is a common matrix in the higher levels of the breccia.

Origin.—Stratigraphically restricted breccias have been noted
by many geologists in the Madison Limestone of Wyoming and
Montana (Thom and others, 1935; Blackstone, 1940; Berry,
1943; Laudon, 1948; Tourtelot and Thompson, 1948; Denson
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and Morrissey, 1952, 1954; Severson, 1952; Sloss, 1952;
Laudon and Severson, 1953; Nordquist, 1953; McMannis,
1955; Andrichuk, 1955, 1958; Hose, 1955; Richards, 1955;
Norton, 1956; Strickland, 1956, 1957, 1960; Klepper and
others, 1957; Freeman and others, 1958; Mapel, 1959;
Middleton, 1961; Roberts, 1961, 1966; Robinson, 1963;
Keefer and Van Lieu, 1966; Sando, 1967a, 1967b, 1968;
McCaleb and Wayhan, 1969; Witkind, 1969). Although some
geologists (Berry, 1943; Laudon, 1948; Strickland, 1956,
1957, 1960) regarded the breccias as evidence of an uncon-
formity within the Madison, a more probable origin is
post-Madison leaching and collapse of evaporite deposits that
represented a part of late Madison deposition (Roberts, 1966,
p. B17—B20). Interpretations of the upper Madison breccias
have been reviewed recently by Roberts (1966, p. B17—B20)
and Witkind (1969, p. 26—27). The present discussion is
confined to critical observations bearing on the time and mode
of origin of the breccias in north-central Wyoming.

In a study of breccias in the Mission Canyon Limestone near
Livingston, southwestern Montana, Roberts (1966, bp.
B20-B21) distinguished between karst deposits formed during
post-Mission Canyon, pre-Amsden erosion and solution breccia
inferred to have formed during or after Late Cretaceous and
early Tertiary uplift. According to Roberts (1966, p. B21), the
solution breccia beds of Montana are restricted to areas of
Late Cretaceous and early Tertiary uplift whereas correlative
evaporite zones in the Madison are generally unaltered in
nearby areas that were not uplifted. Moreover, he found a
significant difference between the clay mineralogy of the karst
deposits and that of the solution breccia. He noted a
predominance of kaolinite in the karst deposits and a
predominance of illite in the solution breccia; illite was also
the chief clay mineral in the overlying Amsden Formation.
Roberts reasoned that the kaolinite formed during develop-
ment of an ancient soil on the uplifted surface of the Mission
Canyon Limestone prior to deposition of the Amsden Forma-
tion, whereas the illite was deposited during marine deposition
and was not changed during uplift or brecciation.

McCaleb and Wayhan (1969, p. 2104—2108) presented
evidence that led to different conclusions in a subsurface study
of the Madison Limestone in the Elk Basin oil field, which
straddles the Wyoming-Montana State line at the north end of
the Bighorn Basin. The upper 300 ft of the Madison in the Elk
Basin field is characterized by extensive brecciation and a
continuous solution breccia at the base of the brecciated
interval. The solution breccia at the base of McCaleb and
Wayhan’s (1969, p. 2009) A zone is the lower solution zone of
this report; a less conspicuous solution breccia noted by
McCaleb and Wayhan (p. 2097) between their A}, and Ay}
zones is the upper solution zone of this report. McCaleb and
Wayhan (1969, p. 2106) established vertical continuity of
structural features from ‘the solution zones to the karst
deposits at the top of the Madison. At one well a sinkhole was
developed as a result of collapse of the underlying lower
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solution zone. Moreover, analysis of clay minerals from the
Elk Basin cores yielded only illite throughout the Madison and
in the overlying Amsden Formation, which suggests similar
sources and origins for the clay minerals. McCaleb and Wayhan
concluded that the development of karst deposits and the
formation of solution breccias. were phases of the same
process, an event that took place during post-Madison,
pre-Amsden time.

My interpretation of the age and origin of the solution
breccias in the upper part of the Madison of north-central
Wyoming coincides essentially with that of McCaleb and
Wayhan. Leaching of soluble constituents of evaporite deposits
at two levels in the upper part of the Madison produced open
spaces that were filled largely by collapse of overlying
carbonate beds. Fragments of carbonate rock of relatively
small diameter are probably the brecciated remnants of thin
carbonate beds within the evaporite deposits, whereas larger
fragments, which increase in size and abundance upward in the
breccia zones were derived by collapse of the roof rock. Poorly
bedded siltstone and shale that forms the predominant matrix
of the breccia was part of the original depositional sequence.
Fine-grained carbonate matrix, an uncommon constituent, is
thought to be finely crushed rock described as rock flour by
Middleton (1961). :

The occurrence of fine- to medium-grained quartz sand-
stone as matrix of the breccia and in irregular bodies and
lentils within the breccia at some localities (table 1) is evidence
of the pre-Darwin origin of the solution zones. Additional
evidence bearing on the time of origin of the lower solution
zone is the occurrence of a cave filled with red shale and
siltstone approximately 200 ft below the lower solution zone
at Big Goose Creek (table 1). The occurrence of this cave
suggests that although the lower solution zone ordinarily
marks the lowest level of pre-Amsden solution there were
some areas where the solution process took place at even
greater depth. ‘

The depth of the lower solution zone beneath the top of the
Madison ranges from about 80 to 360 ft (table 1). Inferred
maximum relief on the post-Madison, pre-Amsden erosion
surface was about 200 ft, and the solution zone occurs below
the deepest local base levels. These relationships indicate a
phreatic origin for the lower solution zone similar to that of
the sandstone-filled caves.

SUMMARY OF MADISON KARST HISTORY

The geomorphic development of north-central Wyoming
during middle Meramecian to late Chesterian time can be
divided into several overlapping stages. '

1. After predominantly carbonate deposition during Kinder-
hookian into early Meramecian time, the area was

* epiorogenically uplifted to form a land of low relief, and

the Madison sea withdrew to a geosynclinal trough that
lay to the west. The uplift took place between early

ANCIENT SOLUTION PHENOMENA, MADISON LIMESTONE, WYOMING

Meramecian (middle Salem) and middle Chesterian time,
as indicated by the youngest fossils found in the Madison
Limestone and the oldest fossils found in the Amsden
Formation. Local variations in the intensity of the
epiorogenic process produced broad folds in the Madison
strata,

2. A ground-water system, characterized by a shallow water
table, developed in the carbonate terrane. Phreatic
caverns were dissolved in the upper 400 ft of bedrock by
ground water guided in part by readily soluble evaporite
intervals in the carbonate sequence. The absence of
flowstone and dripstone suggests that vadose circulation
was never extensively developed. Solution breccias were
formed by collapse of thin carbonate beds within the
evaporite intervals and of roofs of large cavities, particu-
larly in the lower of the two solution zones.

3. Continued uplift resulted in further karst development.
Parts of the Bull Ridge Member of the Madison were
eroded away, particularly toward the southeast. Although
the main lines of surface drainage are not apparent, the
valleys appear to have been dominantly synclinal, and
maximum relief probably did not exceed 200 ft. The
drainage pattern was probably complex and characterized
by stream capture by numerous sinkholes, developed to a
depth of about 100 ft, that formed in the bedrock
surface. Red residual products from a thin soil cover
infiltrated many of the solution cavities.

4. During the Chesterian, north-central Wyoming subsided and
the Amsden sea swept eastward from the geosyncline
across the karst surface. Initial reworking by the sea of
stream deposits and residual soil was followed by
deposition of a layer of sand derived largely from outside
the Amsden basin. The sand covered all but a few isolated
topographic highs that remained as islands and it infil-
trated sinkholes and caves, filling most of the open spaces
produced by prior solution.
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STRATIGRAPHIC RELATIONS OF THE BOLSA QUARTZITE,

VEKOL MOUNTAINS, PINAL COUNTY, ARIZONA

By M. A. CHAFFEE, Denver, Colo.

Abstract.—A quartzite unit occurring between the rocks of the
Precambrian Apache Group and those of the Cambrian Abrigo
Formation in the Vekol Mountains, Pinal County, Ariz., has been called

both Troy Quartzite (Precambrian) and Bolsa(?) Quartzite (Cambrian).

Regional and local geologic relationships indicate that this intervening
unit is definitely the Bolsa Quartzite. The Bolsa ranges in thickness
from at least 200 ft at several localities in the Vekol Mountains to 0 ft
over a positive area underlain by Precambrian diabase which has
intruded the Apache Group. Previous observations that the diabase
intruded the quartzite unit (thereby making this quartzite unit the Troy
Quartzite) have been rcinterpreted; all nonfaulted exposures of the
basal contact of the quartzite unit show sedimentary relationships. No
evidence was found to suggest that the Troy Quartzite was ever
deposited in the Vekol Mountains.

The purpose of this report is to demonstrate that the clastic
unit lying between the Apache Group of Precambrian Y age'
and the Abrigo Formation of Cambrian age in the Vekol
Mountains (fig- 1) is unconformable on the Apache Group and
grades upward into the Abrigo. It is, thus, properly assignable
to the Bolsa Quartzite of Cambrian age.

Before 1961 it was customary in southern Arizona to assign
clastic rocks that intervened between the Apache Group and
the Abrigo to the Troy Quartzite, whose age was variously
interpreted as Precambrian, Cambrian, .or Cambrian(?), and to
assign clastic rocks that intcrvened between Precambrian
crystalline rocks and the Abrigo to the Bolsa Quartzite of
Cambrian age. In 1961, however, Krieger (1961) demonstrated

‘that in the Galiuro Mountains area (fig. 1) clastic rocks
between the Apache Group and the Abrigo contain a
disconformity within them. She found that the clastic rocks
beneath the disconformity were intruded by Precambrian
diabase and are thus of Precambrian age, and she found that
the clastic rocks above the disconformity are gradational into
the Abrigo and are thus of Cambrian age. She placed the lower
unit in the Troy Quartzite to which she assigned a definite
Precambrian age, and the upper unit she placed in the Bolsa
Quartzite.

! An interim scheme for subdivision of Precambrian time recently
adopted by the U.S. Geological Survey assigns Precambrian Y time
to the interval 1,600 to 800 m.y. ago.
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Figure 1.—Map of Arizona showing location of the report area in the
Vekol Mountains.

After Krieger (1961) published her findings, it became
desirable to reexamine relations in other areas in southern

Arizona where Cambrian rocks overlie the Apache Group, and
the Vekol Mountains are in such an area. The Vekol Mountains
area is particularly important to broad regional studies because
it contains both the westernmost and the most complete,
little-disturbed section of Precambrian and Paleozoic
sedimentary rocks in south-central Arizona. Furthermore,
previous workers in the Vekols have disagreed about the
relations of clastic rocks that intervene between strata definite-
ly assignable to the Apache Group and strata definitely
assignable to the Cambrian.

PREVIOUS INVESTIGATIONS

The first detailed geologic mapping in the Vekol Mountains
was by Carpenter (1947). Following the practice of the time,
Carpenter used the term Troy Quartzite for the clastic unit
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found overlying the Apache Group rocks and underlying the
Abrigo Formation as now defined.’

Carpenter (1947, p. 23, 47), without citing a particular area,
further stated that Precambrian diabase, a unit which is
commonly found as sill-like bodies in the Apache Group and
in the Troy (see, for example, Shride, 1967), intruded much of
the lower part of his Troy Quartzite. Where this intrusive
relationship exists, it provides a good means of establishing the
presence of Troy Quartzite, as now used, rather than Bolsa
Quartzite (Krieger, 1968c).

Heindl and McClymonds (1964) made a regional recon-
naissance study of some of the Precambrian and Cambrian
units of south-central Arizona, including the Vekol Mountains.
They were unable to find any evidence of diabase intrusion
into the quartzite herein discussed and concluded that the
clastic unit they mapped correlated more closely with the
Bolsa Quartzite. Because they did not consider their findings
conclusive, Heindl and McClymonds used the term Bolsa(?)
Quartzite in their report (1964).

PRESENT INVESTIGATIONS

Recent field studies suggest a new interpretation for Car-

penter’s (1947) observations; accordingly, the query is herein
dropped from the name Bolsa(?) Quartzite (Heindl and
McClymonds, 1964). "

Detailed mapping by Krieger (1968a, b, c) and Peterson
(1969) has demonstrated that relief at the top of the
Precambrian sections in central Arizona may be several
hundred feet. This relief produces significant local variations in
the thickness of the Bolsa Quartzite where it disconformably
onlaps Precambrian hills. Measurement of the thickness of
numerous sections of Bolsa Quartzite throughout the Vekol
Mountains (fig. 2) clearly indicates that the topographic relief
at the time of deposition of the quartzite there was similar to
that described by Krieger (1968a, b, c) in the vicinity of the
Galiuro Mountains and by Peterson (1969) in the Superior
quadrangle (fig. 1).

The Bolsa Quartzite in the Vekol Mountains was measured
wherever a reasonably complete section was expected. The
base of the lowest clastic bed overlying either diabase of
post-Apache age or basalt of the Apache Group was picked to
be the base of the Bolsa. Where clastic rocks of the Dripping
Spring Quartzite underlie the Bolsa (one location), the base of
the lowest thick vitreous quartzite bed was taken to be the
base of the Bolsa. In areas where the Bolsa directly overlies
sedimentary formations of the Apache Group, the basal
contact of the Bolsa is paraconformable. The top of the Bolsa

2 Carpenter used the stratigraphy of Stoyanow ( 1936) to describe the
rocks occurring between his Troy Quartzite and the formations of
Devonian age. Stoyanow divided the Abrigo into three separate
formations. This scheme was never widely accepted and has now been
abandoned.

STRATIGRAPHIC RELATIONS, BOLSA QUARTZITE, ARIZONA

R. 2 E. R. 3 E. 112°05'

EXPLANATION

290+(?) Measured thickness, in A Site where Bolsa Quartz-
feet, of Bolsa Quartz- gite is missing because
ite. Plus sign (+) of nondeposition
indicates that some of
the section has prob-
ably been eroded.
Query (?) indicates
that faulting in the
measured section may
have affected the true
thickness

—O0— Isopach enclosing area
in which Bolsa Quartz-
ite is missing because
of nondeposition

—100-~ 1sopach showing thick-
ness, in feet, of Bolsa
Quartzite

Figure 2.—Map showing sites and thicknesses of measured sections of
Bolsa Quartzite in the Vekol Mountains. A, B, and C are Jocalities
referred to in text.

is gradational into the overlying Abrigo Formation and,
therefore, the upper contact is somewhat arbitrary. The
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contact was selected to be at the base of the lowest obvious
carbonate bed or lowest interval where shaly beds predominate
over quartzitic beds.

In areas in the Vekol Mountains where it does not appear to
be abnormally thin because of onlap on buried hills, the
thickness of the Bolsa Quartzite is probably in the range of
150—200 ft (fig. 2). The formation thins abruptly, however, in
the central part of the mountains. This thinning, together with
the lack of any evidence of erosion between the Bolsa and
Abrigo Formations, must be the result of deposition on a
surface of marked relief rather than deposition followed by
erosion prior to Abrigo deposition. The differences in thick-
nesses of the Bolsa sections indicate the presence during Bolsa
time of a Precambrian positive area with a relief of at least 200
ft. This positive area was a hill or ridge of Precambrian diabase
and, to a lesser degree, the Precambrian Apache basalt, because
all the sections in which Bolsa is absent or markedly thinned
occur where diabase (and locally basalt) is the youngest
Precambrian unit exposed and where the diabase is as much as
several hundred feet thicker than normal. In exposures of the
basal Cambrian contact where the Bolsa is missing, a thin-
bedded basal unit of the Abrigo Formation immediately
overlies weathered diabase (fig. 3). This basal unit contains
interbedded carbonate and clastic beds ranging from shales to
siltstones to conglomerates containing diabase fragments.
Crossbedded calcareous quartzite is locally present in lenses at
or near the contact.

Figure 3.—Well-bedded Cambrian Abrigo Formation (€a)in sedimentary
contact with a massive Precambrian diabase sill (p€d). View west
from locality C in figure 2.

No evidence of intrusion of the diabase into the Bolsa
Quartzite was found at any exposure. The exposures at
locality A (fig. 2) illustrate an unusually clear-cut example of
the sedimentary nature of the basal Bolsa contact (fig. 4).
Because of the presence of diabase boulders up to 3 ft in
diameter near this contact, it would be possible, in poorly
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exposed areas, to interpret the contact as intrusive. Such a
poorly exposed locality might have been one of the areas
which led Carpenter (1947) to conclude that the diabase was
intrusive into the quartzite.

Figure 4.—Subangular to rounded boulders of Precambrian diabase in a
matrix of Cambrian Bolsa Quartzite, at locality A. The diabase
boulders have been outlined with chalk for emphasis. Crossbedding is
locally present in the matrix but is not visible in this photograph.
Scale is 24 ¢m long.

In the vicinity of locality B (fig. 2) Carpenter (1947, p.
47-48) described a 1- to 3-ft-thick zone apparently near the
basal Cambrian contact (as now defined) as containing
“hybrid’ diabase with numerous small ghostlike quartzite
fragments and individual quartz grains.” This locality was
reexamined in detail, and the “quartzite fragments” were
actually found to be from a prominent quartzite bed near the
middle of the Abrigo Formation where this bed is in fault
contact with Precambrian diabase. The entire area is near a
major regional tectonic lineament and, locally, diorite
porphyry of Tertiary(?) age has intruded the Abrigo Forma-
tion. This combination of extensive faulting and igneous
intrusion has widely metamorphosed the Abrigo shale, silt-
stone, and carbonate beds at locality B. These events also
apparently caused a local remobilization of the diabase at its
faulted contact with the Abrigo quartzite bed. This local
remobilization produced the illusion that the diabase had
intruded the quartzite (fig. 5).

CONCLUSIONS

Both regional and local geologic relationships indicate
conclusively that the quartzite unit of the Vekol Mountains
which is present stratigraphically between the rocks of the
Apache Group and those of the Abrigo Formation is the Bolsa
Quartzite. The Bolsa outcrops are similar in appearance nearly
everywhere throughout the Vekol Mountains. None of the
sections shows features similar to those described by Shride
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Figure 5.—Fault contact between Cambrian Abrigo Formation and
Precambrian diabase showing “intrusion” of the diabase (p€d) into
quartzite beds (€aq), at locality B. The zone of weathered pyrite
casts (py) in the quartzite is probably related to remobilization of the
diabase. In appearance the limestone bed (€ al) is typical of such beds
in the Abrigo and unlike limestone beds in other formations in the
region.

(1967) and Krieger (1961, 1968c) for the Troy Quartzite. if
any Troy is present in the Vekol Mountains, it would have to
occur within the lowermost few feet of the Bolsa sections
where the base is not clearly exposed. No evidence exists now
to indicate whether the Troy Quartzite as used by Krieger was
ever deposited in the region of the Vekol Mountains. It is
therefore recommended that the term Troy Quartzite not be
used in the Vekol Mountains and surrounding region.

STRATIGRAPHIC RELATIONS, BOLSA QUARTZITE, ARIZONA
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Abstract.—The Nimbus III and IV satellites provide reflectance and
cmittance data from the earth’s surface at 8-km resolution. These data
have been used to derive a physical property of geologic materials
termed *‘thermal inertia” which appears to have great promise for
discriminating surficial units. A thermal inertia map of part of Oman
was produced from the Nimbus satellite measurcments. Correlation of
this map with a reconnaissance geologic map showed gross agreement
with the major units but also suggested the need for some modifications
of the reconnaissance map. Some of the anomalies were verified by
comparison with a later, more detailed map; others remain unexplained
and may indicate previously undiscriminated geologic units.

Radiometers on board the Nimbus III and IV meteorological
satellites have provided measurements, at 8-km resolution, of
radiation from the earth’s surface in cloud-free areas. A
Nimbus III experiment (High Resolution Infrared Radiometer,
HRIR) recorded daytime reflectivity, and a Nimbus IV
experiment (Temperature-Humidity Infrared Radiometer,
THIR) recorded daytime and nighttime temperatures;' thus
satellite data are available which offer some possibilities for
discriminating geologic units on a broad scale. Two data
formats are available—photofacsimile filmstrips and digital
magnetic tapes. The filmstrips are of limited use for geologic
analysis, owing to the image enhancement designed for
cloud-cover studies. The digital data, however, preserve the
entire dynamic range of recorded radiance values, and have
already been used to study stream courses, ground moisture
and vegetation variations, and broad soil-erosion patterns
(Pouquet, 1969a, b; Rabchevsky, 1971).

In this report we extend these data by relating them to
physical property information which should reveal differences

' The HRIR systemactually recorded radiation simultaneously in three
bands: 0.7-1.3, 2.3-3.0, and 2.4—4.2 pum. During daytime the
reflected solar energy predominates. The THIR system recorded
radiation in the 10.5-12.5 um band. The operation of these systems
was described in detail by Cherrix and Allison (1969) and McCulloch
(1970).

in surficial material more directly than do the separate
temperature and reflectivity measurements. To achieve this
analysis, it was first necessary to develop a model for the
thermal behavior of the ground.

The daily variation in ground temperature is induced
primarily by absorption of solar energy and its subsequent
reemission. Various factors determine the magnitude of this
diurnal change, mainly the thermal properties of the ground,
its albedo (reflectivity) and emissivity, and the circumstances
of the solar heating (sun’s declination, site latitude, and
topographic slope). Secondary factors are sky radiation,
conductive and convective heat transfer from the air, and
geothermal heat. A thermal model constructed by Watson
(1970a, 1970b) to study the behavior of different geologic
material was qualitatively tested (Rowan and others, 1970;
Watson and others, 1971). It is based on a relationship
developed by Jaeger (1953) of surface flux to surface
temperature for one-dimensional periodic heating of a half
space. Only a single thermal parameter called the thermal
inertia is required in this relationship. Thermal inertia is equal
toVKs, where K is the conductivity and s is the heat capacity.

Because albedo is an ambiguous parameter for distinguishing
geologic materials,” maps based solely on albedo rarely
portray the geology accurately. On the other hand, thermal
inertia is more related to the bulk properties of material (it
correlates strongly with density and interstitial water content).
When thermal inertia is derived from the diurnal temperature
change, it is averaged mainly over the top few centimeters,?

2 Albedo is generally determined not by bulk composition but rather
by impurity (such as iron) in the crystal lattice, grain size, and texture.
In addition, surface-coating effects such as lichen cover or desert
varnish commonly mask the normal reflectance of even well-exposed
rocks.

3This averaging occurs over only a fraction of the diurnal wavelength,
which is about 1 m for rocks and about 50 cm for dry soils (Carslaw

and Jaeger, 1959).
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and thus is much less sensitive than albedo to thin surface
coating and impurity effects. Because of this characteristic,
thermal inertia provides important information for the remote
discrimination of exposed rock and soil units.

For analysis of the Nimbus data we used a sun’s declination
appropriate to the time of observation and latitude of the
study area, and we assumed zero topographic slope. The slope
assumption is probably reasonable for the 8-km resolution of
the spacecraft; it implies that varying slope orientations
roughly cancel out over a large area.

Diurnal temperature curves were then generated on a
computer for varying thermal inertias (Watson, 1970a) (fig.
14), albedos (fig. 1B), emissivities (fig. 1C), and sky radiances
(fig. 1D). Variations in sky radiance are, to a first approxima-

THERMAL INERTIA MAPPING FROM SATELLITE, GEOLOGIC UNITS IN OMAN

tion, equivalent to variations in ground elevation, because the
thermal emission from the sky to the ground is less at higher
elevations. Figure 1 illustrates that several parameters con-
tribute to variations in the diurnal surface temperature of the
ground. Some correction for ground elevation can be made
using existing topographic maps and assuming a simple model
of sky radiance; but, because no emissivity data are available at
the scale of the Nimbus IV-THIR measurements, analysis of
the thermal data requires another approach.

The amplitude of the diurnal temperature variations can be
obtained’ from the Nimbus data by calculating AT, the
day-night temperature difference. Examination of figure 1
shows that AT is reasonably independent of elevation and
emissivity, moderately dependent on albedo, and strongly
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Figure 1.—Surface temperature versus solar time for materials with various thermal inertia values (A4), albedos (B), emissivities (C), and sky
temperature conditions (D) (but day and night temperatures equal). Albedo is assumed to be 30 percent for A, C, and D; emissivity 1.0 for A
B, and D; sky radiance temperature 270 K for A, B, and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>