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PALEOTECTONIC INVESTIGATIONS OF THE MISSISSIPPIAN SYSTEM IN THE UNITED STATES,
PART II: INTERPRETIVE SUMMARY AND SPECIAL FEATURES OF THE MISSISSIPPIAN SYSTEM

HISTORY OF THE MISSISSIPPIAN SYSTEM — AN INTERPRETIVE
SUMMARY

By LAWRENCE C. CrRAIG and KATHARINE L. VARNES

INTRODUCTION

This chapter summarizes the history of the
Mississippian System in the conterminous United
States: the tectonic and paleogeographic history of this
system and the characteristics, sources, and environ-
ments of deposition of the Mississippian rocks. It was
compiled from the information presented in part I of
this study and from separate summary material pre-
pared by the authors of part I. Those authors have not
been specifically cited extensively in this summary, and
some of their manuscript material has been transcribed
directly without acknowledgment.

The regions discussed in this chapter are outlined in
figure 79. Geographic terms and features used in the
text are shown in figure 80.

The Mississippian Period began about 345 m.y.
(million years) before the present (Geological Society of
London, 1964); it lasted for about 35 m.y., and ended
about 310 m.y. ago (Kulp, 1961, fig. 1).

According to current continental drift explanations,
the North American Continent during Mississippian
time was close to a megacontinental mass, Pangea,
whose Gondwana components were located in the
southern hemisphere. The South Pole probably lay
within southern Africa during the Carboniferous and,
as shown by a commonly accepted restoration of the
continents, the east coast of the United States was adja-
cent to the northwest coast of Africa and the west coast
of Europe.

The equator of Mississippian time probably cut
diagonally across the United States as shown on plate
12. The approximate position of the equator is based on
paleomagnetic determinations of the North Pole posi-
tion from Mississippian rocks of North America.
Latitude 35° N, longitude 118° E., in eastern China, was
assumed as the position of the North Pole relative to
North America in this reconstruction; the position

coincides closely with determinations on the Hopewell
Group of New Brunswick (Strangway, 1970, table
A—4-1, p. 150) and the Maringouin Formation of Nova
Scotia (Roy and Robertson, 1968). This pole position,
however, is at the western edge of the area of scatter of
the numerous determinations on North American
Mississippian rocks available in the literature (Strang-
way, 1970; Cox and Doell, 1960; Roy, 1969). This area of
scatter ranges approximately from 30° to 50° N. lat and
from 118° to 144° E. long; thus, the position of the equa-
tor could be shown in a number of different positions
(pt. I, chap. N. fig. 52; Sheldon, 1964, fig. 7) crossing the
conterminous United States; most would be farther
south than the equator shown on plate 12, but all would
similarly cross the United States from southwest to
northeast.

TECTONIC HISTORY OF THE
MISSISSIPPIAN PERIOD

Many of the structural features that are basic to an
understanding of the Mississippian Period were carried
over from the Devonian or had their beginnings in even
earlier periods. Figure 81 depicts the structural
features of the conterminous United States at the end
of Devonian time. Likewise, many of the tectonic
features of Mississippian time carry over to the Penn-
sylvanian (fig. 82), although some end with or in the
Mississippian Period. The tectonic history of the
Mississippian Period is then a single chapter in the tec-
tonic geologic record, following Devonian history and
followed by Pennsylvanian history. An attempt is made
here to tie into these adjoining records.

STRUCTURAL FRAMEWORK AT THE BEGINNING
OF THE MISSISSIPPIAN

The map of the structural framework of the conter-
minous United States at the end of the Devonian Period
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FIGURE 79. — Regions of the United States discussed in this chapter.

and the beginning of the Mississippian Period (fig. 81)
shows the continent bounded by roughly north-trend-
ing geosynclines on the east and on the west, and hav-
ing as the main cratonic feature a northeast-trending
central positive structure, the Transcontinental arch.
Smaller features —basins, arches, domes, and uplifts
— are distributed throughout the craton. These
features are discussed in this chapter.

NEGATIVE ELEMENTS

During the preceding periods of the Paleozoic, the
Appalachian geosyncline had developed — forming a
sinuous trough along the eastern margin of the craton
(fig. 81) and filling with sediments derived largely from
the east. In the latter part of the Devonian coarse
materials were shed into the northern part of the geo-
syncline to form the thick Catskill delta. At least 9,000
feet of relatively coarse detritus was deposited in
eastern Pennsylvania during Late Devonian time, but
the deposits thin radially to the west and southwest and
change from a partly fluvial red-bed sequence to a
relatively thin marine black shale facies to the west on
the cratonic shelf as well as southward along the trend
of the geosyncline. Devonian rocks in the southern part
of the Appalachian basin (fig. 79) are thin and subsi-

dence in this part of the geosyncline was slight during
the Devonian Period. The black shale facies is thin but
surrounds both the Nashville dome and Cincinnati arch
(fig. 81) and may have covered both features during
Late Devonian. It increases in thickness into the
Eastern Interior basin to the west and the central Iowa
basin to the northwest, indicating that these basins
were subsiding during Late Devonian. The Michigan
basin also was a subsiding basin during Devonian time
and a maximum of more than 3,000 feet of Devonian
rocks is preserved in the middle of the basin. In Late
Devonian time, however, a second area of maximum
subsidence developed in the western part of the basin,
on the northwestern edge of the lower peninsula near
Lake Michigan.

The Williston basin — a long-lived negative feature
in eastern Montana, western North Dakota, and north-
western South Dakota — subsided throughout the
Devonian Period and accumulated a maximum of more
than 2,000 feet of Devonian rocks.

Two additional intracratonic basins, one in north-
western Arizona and the other in southeastern Utah
and adjacent northeastern Arizona, collected about
1,300 and 700 feet of Devonian rocks, respectively.
These are not clearly outlined in the isopach map of up-



HISTORY OF THE MISSISSIPPIAN SYSTEM — AN INTERPRETIVE SUMMARY

2
4
S

Marathon
area

0 500 MILES
T

373

'\,___‘_

\Arkansas

Ouachita _
~~Mountains
s

FIGURE 80. — Geographic terms and features used in text.

permost Devonian rocks (Poole and others, 1967, fig.
10) and may not properly be part of the structural set-
ting of the beginning of the Mississippian Period.

Distinctive negative structures of Devonian age are
almost lacking in most of the cratonic part of the
southern midcontinent region. This lack may be the
result of limited distribution of Devonian rocks, and in
part the result of pre-Mississippian erosion. However,
the area of the ancestral Delaware basin in west Texas
did subside, receiving a maximum of about 1,000 feet of
Lower and Middle Devonian carbonate rocks and as
much as 700 feet of Upper Devonian —Lower Mississip-
pian shale (Amsden and others, 1967, figs. 3, 5).

The Ouachita geosyncline did not develop until after
Devonian time. Relatively thin sections of the Arkan-
sas Novaculite in the Ouachita Mountains area of
southern Arkansas and southeastern Oklahoma (fig.
80) and of the Caballos Novaculite in the Marathon
area of west Texas indicate that at least parts of the
area of the future Ouachita trough was subsiding dur-
ing Devonian time. Little detritus was deposited in
these areas, and presumably neither the craton nor the
extracratonic areas to the south were sufficiently high
to produce much detrital material.

Segments of the Cordilleran geosyncline were ac-

tively subsiding during most of the Devonian Period;
the alinement of the trough shown in figure 81 is along
the axes of maximum thicknesses of the total Devonian
(Poole and others, 1967, fig. 6; Sandberg and Mapel,
1967, fig. 5). The eugeosyncline on the west was proba-
bly continuous with the miogeosyncline to the east and
was limited on the west by piles of volcanic rocks and
reefs (Poole and others, 1967, p. 906), perhaps an island
arc. The Antler orogeny in Late Devonian time pro-
duced a landmass between the geosynclines; eugeo-
synclinal rocks were thrust eastward over miogeo-
synclinal rocks in the Antler orogenic belt. Although
Upper Devonian rocks show some localized areas of
thick sediment accumulation in the miogeosyclinal
area, the relative thinness of section may reflect lesser
subsidence in response to the compressional stresses in
the orogenic belt; a few localized uplifts occurred within
the geosyncline.

POSITIVE ELEMENTS

The Acadian orogeny during Middle and Late Devo-
nian time deformed the Appalachian geosyncline in the
New England region and produced a highland, the Aca-
dian geanticline (Cumming, 1967, p. 1044). The orogeny
was accompanied by granitic intrusion and deformation
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of preorogenic Lower Devonian volcanic and sedimen-
tary rocks. Postorogenic clastic sediments of Late Devo-
nian age were deposited on parts of the area deformed
during the Acadian orogeny in Maine and farther
north, while the coarse materials of the thick delta of
the Catskill Formation were being deposited farther
south in the Appalachian geosyncline (fig. 81) in New
York, Pennsylvania, and adjoining States to the south.

Although several structural elements in the Eastern
Interior region seemed to maintain a positive attitude
through most of Devonian time, only the Kankakee
arch, the Ozark uplift, and possibly the Cincinnati
arch—Nashville dome seemed to retain a positive struc-
tural behavior through the Late Devonian. The
Kankakee arch appears to have restricted marine ac-
cess between the Michigan and Eastern Interior basins
in Late Devonian time. The Ozark uplift remained as a
positive element throughout Devonian time (Collinson
and others, 1967, p. 936), and Devonian sediments lap-
ped on to the margins of the uplift. The Cincinnati
arch—Nashville dome may have been covered, although
probably thinly, by Upper Devonian beds, and the arch
may have been positive only in the sense that it sub-
sided less than did the areas on either side.

The Wisconsin dome may have been uplifted in latest
Devonian time to serve as source for the fine clastic
material of the Saverton Shale in Illinois and its
equivalents in Iowa which probably had a source to the
north (Collinson and others, 1967, p. 937).

Several positive features were active during the
Devonian in the northwestern part of the craton, but
only a few seem to have remained active at the begin-
ning of Mississippian time (Sandberg and Mapel, 1967,
figs. 9, 10). The distribution of the uppermost Devonian
and lowermost Mississippian sediments were affected
by the northwest-trending ancestral Cedar Creek anti-
cline in eastern Montana, southwestern North Dakota,
and northwestern South Dakota, and faults along the
southern extremity of the ancestral Nesson anticline
were active either during or immediately after deposi-
tion of these beds. The east-trending Central Montana
uplift also may have been slightly positive at the end of
Devonian time, for it apparently received no uppermost
Devonian deposits and served as a low barrier separat-
ing or limiting basins of deposition.

In the southwestern part of the craton, the ancestral
Uinta uplift was a positive area and no Upper Devonian
rocks are preserved on it. Detrital material of Late
Devonian age in north-central Utah suggests that the
western extremity of the ancestral Uinta uplift was ac-
tually raised. The Defiance-Zuni uplift in west-central
New Mexico served as a low barrier between Upper
Devonian sediments that accumulated to north and
south.
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The distribution of Devonian rocks, as well as the
distribution of rocks beneath the Mississippian (pls. 2,
13), imply the existence of the Transcontinental arch
as a positive structure at the end of Devonian time.
Offlap relations of the older Paleozoic rocks marginal to
this broad, poorly defined structure suggest that it was
uplifted in Late Devonian time and was subjected to
widespread erosion and removal of older and older beds
proximal to the axis. The axis of this arch at the end of
Devonian time extended from Minnesota through
western Nebraska into northeastern Colorado (fig. 81).
It seems possible that the axis extended into northern
New Mexico, with the Texas arch — a broad southeast-
ward-trending positive structure — being a nose ex-
tending from northeastern New Mexico into central
Texas and with the Defiance-Zuni uplift being a nose
extending to the west, as interpreted in figure 81. In
latest Devonian time, as a result of epeirogenic subsi-
dence or eustatic rise, the sea readvanced across the
beveled surface, and thin units that cross the systemic
boundary were deposited in basinal areas on the craton.
Although the strandline may have retreated and ad-
vanced several times during this episode, the rocks of
Early Mississippian age are more widespread than the
uppermost Devonian rocks, and this fact indicates the
overall continued transgression of the strandline, due
to either continued epeirogenic subsidence or eustatic
rise. The epeirogenic uplift and folding on the craton
during Late Devonian time may have been in response
to the vigorous orogenic movements in the flanking
geosynclines.

In Late Devonian time the Antler orogeny disturbed
the early Paleozoic Cordilleran geosyncline, and thrust-
ing and folding produced the Antler uplift, a highland
separating the miogeosyncline from the eugeosyncline.
The western margin of the eugeosyncline is little
known; volcanic rocks of Devonian age in northern
California may imply that a volcanic island arc inter-
vened between the eugeosyncline and the Pacific Ocean
basin to the west.

STRUCTURAL DEVELOPMENTS DURING
THE MISSISSIPPIAN

INTERVAL A

At the beginning of Mississippian time the northern
part of the Appalachian basin consisted of two parts, an
eastern geosynclinal segment and a western platform
or shelf segment. East of the northern part of the basin,
a highland area —the Appalachian positive element
(fig. 82), has been uplifted during the Acadian orogeny
in Devonian time, possibly as a result of the collision of
the North American plate and the European plate,
which marked the closure of the northern part of the
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proto-Atlantic Ocean (Iapetus Ocean of some authors).
North of the basin the Adirondack region and the
Canadian Shield were positive areas that shed sedi-
ment into the basin. During interval A detrital
materials were shed from the Appalachian positive ele-
ment into the geosynclinal area, and subsidence of
about 500 feet occurred in the geosyncline from south-
western Virginia to northeastern Pennsylvania. Subsi-
dence in southeastern Pennsylvania was greater and
may have exceeded 1,500 feet (pl. 10, fig. 1). The
earliest Mississippian sediments in this deep part of the
trough were warped into open folds and were beveled by
erosion prior to deposition of later interval A sediments.
Although positive movements of land areas to the north
of the basin probably occurred during interval A time
and detrital material was carried to the north shelf part
of the basin to form the Bedford and Berea deltas (Pep-
per and others, 1954), subsidence was considerably less
than 500 feet in any part of the shelf area.

A small area in east-central West Virginia was a
relatively positive area through most of Early Mississip-
pian time. Although surrounded by Lower Mississip-
pian rocks, only a thin layer of lowermost Mississippian
red beds (upper part of Hampshire Formation) is
preserved. The area may have been uplifted during in-
terval A at about the same time that folding took place
in southeastern Pennsylvania.

The Cincinnati arch remained a positive element
throughout interval A time and may have been uplifted
slightly during the earlier parts of the interval so that it
remained as a barrier between the Appalachian basin
and the Michigan and Eastern Interior basins. But in
late interval A time, the Michigan and Appalachian
basins were connected by a seaway through the
Chatham sag in southwestern Ontario and northern
Ohio (fig. 82). Whether the sag developed as a result of
negative structural movement at this time or was
simply a relatively low part of the Cincinnati arch that
was covered by the advanced stage of the transgressing
interval A sea is uncertain.

South of Virginia and Kentucky the basin appears to
have been stable. Regional subsidence may have
amounted to only a few feet. The geosyncline did not ex-
ist south of Virginia. Because of the fine texture of the
detrital material, it is inferred that neither highlands
nor uplifted source areas were present in the bordering
land areas to the east and south.

The Michigan basin subsided to accomodate a max-
imum of almost 700 feet of sediment during interval A
time. The Canadian Shield may have been uplifted
slightly during early interval A time to provide the
detrital sediments of the Thumb delta in eastern
Michigan (fig. 80). In late interval A time, at least an
eastern part of the Kankakee arch south of the basin
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was uplifted enough to form a sill separating normal
marine circulation to the south and a restricted euxenic
environment to the north in the Michigan basin (pl. 11,
fig. 1).

As already noted, the Cincinnati arch was a positive
structure during interval A time, and it formed a shoal
area or slightly emergent barrier that separated the
Appalachian basin from the Eastern Interior basin.
Along the southern extension of the Cincinnati arch,
the Nashville dome is postulated as a relatively posi-
tive area (pl. 10, fig. 1) and is thought to have been
emergent during much of interval A time (pl. 12, fig. 1).
Southwest of the Eastern Interior basin the Ozark
uplift was probably the most active positive element in
the region. Late Devonian uplift, perhaps related to the
Antler and Acadian orogenies, was sufficient to provide
some basal coarse sediments in interval A around the
margin of the Ozark uplift. Renewed and, probably,
localized uplift in the later part of interval A time pro-
vided detritus to the western side of the Ozark area in
western Missouri and southeastern Kansas. The La
Salle anticlinal belt was a relatively positive structure
inherited from the Devonian, and local areas where in-
terval A is missing in eastern Illinois and southwestern
Indiana are interpreted here as local structural and
topographic high points where interval A was never
deposited (pl. 10, fig. 1) and which stood as islands in
the Kinderhook sea (pl. 12, fig. 1).

The midcontinent region (fig. 79) was a broad low-
lying positive area undergoing erosion at the beginning
of interval A time. Only in southeastern Iowa and in the
Ouachita Mountains area of Arkansas does sedimenta-
tion appear to have been continuous across the basal in-
terval A boundary and appear to imply continuous sub-
sidence. Widespread deposition of interval A was initi-
ated by epeirogenic downwarpings or eustatic rise of
sea level.

The Central Kansas uplift may have risen slightly at
the beginning of interval A time; at least rocks of only
late Kinderhook age are preserved in northern and
central Kansas. To the west the Transcontinental arch
probably was neutral or slightly positive and probably
joined with land areas to the south in New Mexico and
Texas that were slightly positive. To the northeast,
however, segments of the Transcontinental arch may
have been slightly negative (pl. 10, fig. 1) and probably
were submerged during interval A time (pl. 12, fig. 1).
The Anadarko basin in Texas and Oklahoma was the
most conspicuous negative feature of the midcontinent
region and it subsided only a few hundred feet. The
amount of subsidence in central Arkansas is uncertain.

The Rocky Mountains region and Williston basin ap-
pear to have been extremely stable during interval A
deposition. The crust apparently foundered gradually to
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allow the transgression of the sea. The Williston basin
continued to subside, and, as the supply of detritus was
low, subsidence is interpreted as exceeding deposition.
The only possible positive movement in these regions
might have been in the area of the Defiance-Zuni uplift
of west-central New Mexico which supplied fine-
grained detritus southward into the advancing sea in
southwestern New Mexico (pl. 10, fig. 1).

In the Great Basin and Pacific Coast regions the
Antler uplift (fig. 82) was raised shortly before interval
A time and was characterized by extensive low-angle
faults of large lateral displacement which telescoped
lower Paleozoic eugeosynclinal and transitional facies.
The thrusting has been dated as latest Devonian in
north-central Nevada (Smith and Ketner, 1968) and
possibly as earliest Mississippian in northeastern
Nevada (Ketner, 1970). The raising of the Antler uplift
was accompanied by the rapid subsidence of the Copper
Basin trough, Webb—Chainman—Diamond Peak
trough, and, probably, the Eleana trough, all segments
of the Cordilleran miogeosynclinal belt during interval
A time. These troughs collected dominantly fine-
grained detrital rocks derived mostly from the Antler
uplift. Between the Webb —-Chainman —Diamond Peak
trough and the Eleana trough is a relatively thin shallow
marine sandy limestone that suggests an embayment in
the Antler uplift. Although the limestone con-
tains sand indicating a terrigenous source, the
limestone may indicate a part of the geosynclinal belt
that did not subside as much as the segments to the
north and south, and it may also indicate a part of the
Antler uplift that was not elevated as much as seg-
ments to the north and south.

Epeirogenic subsidence or eustatic rise of the sea
level at the beginning of interval A time caused
widespread transgression of the sea eastward from the
geosynclines onto the shelf to the east. In mid-interval
A time a minor episode of epeirogenic upwarping
caused retreat of the sea from west-central Utah, and
east-central and southeastern Nevada, terminating
deposition and exposing the area to erosion. The sea
readvanced and again flooded this shelf area, and
bioclastic marine limestone was deposited on the
eroded Mississippian and older rocks. Deposition proba-
bly -continued without interruption in the miogeo-
synclinal belt during this time. The shelf area was not
entirely stable during this interval. In northern Utah
two isolated small basins appear to have subsided at
least 600 feet, and a shallow trough extended
southeastward from the Copper Basin trough in Idaho
into this part of northern Utah (pl. 10, fig. 1).

In the Cordilleran eugeosynclinal belt, volcanism
took place in northern California (pl. 10, fig. 1) and,
possibly, also along the western margin of the Antler
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uplift in Nevada, as well as elsewhere in the belt.
Volcanoes may have formed an island arc in this belt,
and, if so, they would have constituted constructional
positive features. Positive movement also may have oc-
curred on tectonic blocks. The argillite, graywacke,
chert, and lava typical of the eugeosynclinal deposits in-
dicate that subsidence was dominant in the belt.

In northeastern Washington an unnamed limestone
and dolomite of Early Mississippian age suggests
miogeosynclinal sedimentation in this area. However,
nearby Paleozoic rocks are eugeosynclinal facies. The
juxtaposition of known Mississippian miogeosynclinal
rocks and possible Mississippian eugeosynclinal rocks
could be explained by the miogeosynclinal rocks (1)
having been faulted in from the east, (2) being in place
but surrounded by eugeosynclinal rocks faulted in from
the west, or (3) being an isolated anomalous occurrence
of limestone within the eugeosynclinal belt. Yet
another explanation would be that the miogeosyncline
turned northwest in Idaho to include this occurrence. In
this case, an extension of the Antler uplift would also
trend northwest, providing a major landmass in eastern
Washington to the west of the miogeosynclinal occur-
rence. There is no evidence for such a major landmass
and orogenic belt in Mississippian time in this area. In-
stead, a landmass is postulated to the east in aorthern
Idaho that would have exposed lower Paleozoic sedi-
ments that could have provided clasts to conglomerates
and could have contributed some of the lutite that is a
large component of the dominant eugeosynclinal
Paleozoic facies in northeastern Washington.

INTERVAL B

During interval B most of New England remained an
area of high rugged mountains formed during the Aca-
dian orogeny. Volcanic activity may have continued off
the southeast coast of New England. Fault troughs in
east-central Maine may have subsided and collected
some interval B sediments, and neutral areas in
Massachusetts and Rhode Island may have received
volcanic deposits during this time. ;

During interval B the Appalachian basin was domi-
nated structurally by the Appalachian geosyncline
which continued to subside. The belt of great subsi-
dence appears to have extended farther south than dur-
ing interval A, as far south as northern Georgia (pl. 10,
figs. 1, 2). A great volume of coarse-grained clastic
rocks was deposited in the geosyncline, indicating that
the source area to the east, the Appalachian positive
element, was uplifted and eroded. Terrestrial deposits
progressively extended farther west over marine
deposits, and the restriction of the sea to the western
part of the northern Appalachian basin suggests that
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the source supplied sediment more rapidly than the
subsiding geosyncline could accommodate it. The dis-
tribution of rock textures indicates that the southern
part of the eastern source area was considerably
degraded by later interval B time and was not produc-
ing much coarse-grained detritus. In contrast, the
northern part of the eastern source area continues to
supply coarse material well into interval C time,
which implies continued uplifts in this area.

In southwestern Virginia the local accumulation of
evaporites in the latter part of interval B time is the
result of folding and faulting and evaporation in a small
basin, and this indicates tectonic disturbance within
the basin during interval B.

The small area in east-central West Virginia that
was positive during interval A time remained relatively
positive during interval B and little or no sediment ac-
cumulated on it (pl. 10, fig. 2). The Cincinnati arch was
probably submerged during much of interval B time.
Near the end of interval B time, however, the north-
western part of the Appalachian basin may have been
emergent, perhaps as a result of epeirogenic upwarp-
ing, and the area remained positive during the early
part of interval C time.

The widespread cherty carbonate in the southern
part of the Appalachian basin suggests that the border-
ing land area was not uplifted and that it provided little
or no detrital material to the basin.

The entire Michigan basin continued to subside dur-
ing interval B, and in at least two parts of the basin,
subsidence amounted to more than 1,300 feet. The
Kankakee arch appears to have been inactive, but the
Findlay arch probably was a positive structure during
later interval B time and was elevated sufficiently to
prevent detrital material from crossing into Ohio. This
uplift might also be part of the emergence noted in the
northwestern part of the Appalachian basin in late in-
terval B time.

Similarly, areas of the Eastern Interior basin sub-
sided during interval B but to a lesser extent than in
the Michigan basin — about 800 feet in southern II-
linois and western Kentucky. Both the Cincinnati arch
and Nashville dome seem to have been quiescent and
probably were submerged. Minor subsidence, mainly in
early interval B time, is indicated by a local basin west
of the Ozark area in southwestern Missouri where a
maximum of slightly more than 300 feet of interval B
accumulated.

The midcontinent region subsided gently during in-
terval B time, and differential tectonic movements ap-
pear to have been minimal. A hiatus in much of Kansas
at the beginning of interval B indicates a regression of
the strandline, gentle epeirogenic uplift, and
emergence. The sea readvanced from the south, and in-
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terval B eventually covered all the State. Southeastern
Towa also was emergent prior to deposition of interval B
(Harris and Parker, 1964), and the hiatus represents a
local differential uplift. Subsequently, a broad gentle
trough developed, extending from northwest to
southeast in southern Iowa, in which interval B is more
than 200 feet thick. The only areas of marked subsi-
dence in the midcontinent part of the craton were in
the Anadarko basin of the Texas Panhandle and
western Oklahoma and its northern extension into
Kansas, the Hugoton embayment, and the Delaware
basin in southeastern New Mexico and its southern

narrow extension into west Texas. In these areas a

maximum subsidence of at least 800 feet is indicated by
thicknesses of interval B. The Ouachita trough in the
Ouachita Mountains region of southern Arkansas prob-
ably continued to subside slightly. Deposits in the
trough are very thin but are interpreted as formed in
deep water. During interval B a small trough, the
“Batesville channel,” developed as a subsiding north-
ern extension of the Ouachita trough. Deposits in
northwestern and north-central Arkansas, although
thick relative to deposits in the remainder of Arkansas,
were shallow-water carbonate deposits and are in-
terpreted as having formed on a subsiding shelf.

The widespread marine transgression of interval B
time appears to have submerged most of the Rocky
Mountains region and implies general epeirogenic sub-
sidence. In contrast to much of the craton, considerable
differential subsidence took place in the northern part
of the region. The Williston basin continued to subside
during interval B, and the rate of chemical sedimenta-
tion increased so that by the end of interval B shallow-
water carbonate rocks were forming in the middle of
the basin. An east-trending downwarp, the Central
Montana trough, first developed in interval B and con-
nected the Williston basin through central Montana
with the Cordilleran miogeosynclinal belt to the west.
Another trough, trending northeast through central
and northeastern Utah, subsided during interval B
time and might be considered related to or a part of the
miogeosynclinal belt to the west at this time. In south-
western New Mexico and southeastern Arizona,
marked subsidence took place in a trough that projects
southeastward into northern Mexico, the Arizona—New
Mexico trough (fig. 82). Uplift, if any, was restricted to
a limited area of central and eastern Colorado and
southeastern Wyoming. This area provided small
amounts of detrital materials to the surrounding sea.
Perhaps this material was simply reworked residuum
from a long-exposed and weathered part of the Trans-
continental arch, and little or no uplift was required to
transport the detritus. The Texas arch was not a posi-
tive structure during interval B and does not reappear
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as such during Mississippian time. The Defiance-Zuni
uplift along the New Mexico—Arizona State line, two
small areas in northeastern New Mexico, two in west
Texas, and a small area in southwestern Arizona that
probably extended into adjacent Mexico are shown as
slightly positive during interval B (pl. 10, fig. 2). De-
pending on the age interpretation of beds in north-
eastern New Mexico, a part of northeastern New Mex-
ico and probably part of southern Colorado may have
been slightly positive during interval B time
(Armstrong, chap. K, fig. 40).

Tectonic movements in the Great Basin and Pacific
Coast regions appear to have increased during interval
B time as compared with interval A. A number of
basins or troughs developed marginal to and in the
craton east of the main Cordilleran miogeosynclinal
belt (pl. 10, fig. 2). In Nevada and Utah these subsided
more than 1,000 feet. The Wendover uplift in north-
western Utah was raised slightly during interval B time
but is still considered to be part of the craton.

In the miogeosynclinal belt segments of the trough
continued to subside actively. In central and eastern
Idaho, troughs subsided more than 1,500 feet. Similar
amounts of subsidence are indicated in the Webb—
Chainman—Diamond Peak and Eleana troughs in
northeastern and south-central Nevada. The detrital
materials deposited in these troughs suggest that seg-
ments of the Antler uplift to the west were being raised
during interval B time (pl. 10, fig. 2). Although interval
B is poorly known in the eugeosynclinal belt west of the
Antler uplift, the belt continued to subside and received
detrital materials, as well as the volcanic materials
noted in northwestern Nevada and northern California.
Volcanoes may have formed an island arc.

In northeastern Washington the unnamed limestone
and dolomite of Early Mississippian age mentioned in
interval A could belong to interval B as well. The rocks
suggest miogeosynclinal sedimentation in this area.
However, nearby Paleozoic rocks are eugeosynclinal
facies. The juxtaposition of Mississippian miogeo-
synclinal rocks and possible Mississippian eugeo-
synclinal rocks was discussed under interval A (p. 362).

INTERVAL C

Tectonic activity was greater during interval C than
in preceding intervals, and the sequence of events ap-
pears to indicate more differential or independent
epeirogenic or orogenic activity from province to pro-
vince than in preceding intervals.

The sea regressed from the northern part of the Ap-
palachian basin as far south as southwestern Virginia
slightly before the beginning of interval C time, proba-
bly as a result of differential epeirogenic warping. As a
result of epeirogenic subsidence or eustatic rise, the sea
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gradually readvanced up the Appalachian geosyncline
and across the shelf area to the west, eventually ex-
tending through much of western Pennsylvania and
southeastern Ohio. The geosyncline continued to sub-
side (pl. 10, fig. 3) with maximum downwarp shifting
from the northern (Pennsylvania) part of the trough to
a segment extending from southwestern Virginia into
northeastern Tennessee. A sharp hinge line appears to
have bounded this trough segment on the northwest
and separated the trough from the shelf area to the
west. During interval C, in contrast to preceding inter-
vals, the southern part of the Appalachian Basin region
is dominated by limestone, which indicates that the
borderlands to the east and south were tectonically
quiescent and probably were reduced to areas of low
relief in which chemical erosion was dominant. In con-
trast, the borderlands east of the northern part of the
basin continued to be elevated and eroded but at a
decreasing rate, as indicated by the smaller volume of
detritus that was deposited, primarily on the east side
of the geosyncline, as continental sediment. Quartzose
detritus in the northwestern part of the Appalachian
basin was derived from the north and indicates some
uplift in the Canadian Shield during interval C time.
The Cincinnati arch appears to have been a relatively
positive element separating the Michigan basin from
the Appalachian basin but contributed little sediment
to the Appalachian basin.

The Michigan basin continued to subside during in-
terval C. Evaporites deposited during the interval sug-
gest that access to the open ocean was limited and that
the Findlay and Kankakee arches were positive ele-
ments that restricted the mouth of the embayment.
Detrital materials were derived from the Canadian
Shield to the northeast and from the Wisconsin uplift to
the west. Neither the Michigan basin nor the Eastern
Interior basin reflects the marine regression at the
beginning of the interval that took place in the Ap-
palachian basin. Instead, marine deposition appears to
have been essentially continuous in both basins from
interval B to interval C. In mid-interval C time minor
uplift of the Ozark Mountains area, and perhaps of the
Cincinnati and Kankakee arches, combined with minor
regression of the sea, perhaps due to slight epeirogenic
uplift, produced restricted marine conditions in the
Eastern Interior basin (pl. 11, fig. 3) and resulted in the
precipitation of evaporites in an area extending from
southeastern Iowa to western Kentucky. This episode
of restricted environment was followed by widespread
transgression, perhaps due to slight epeirogenic subsi-
dence, and by the resumption of deposition in marine
water of normal salinity. The Eastern Interior basin
was well defined during interval C and subsided a max-
imum of at least 1,200 feet in southern Illinois and
southwestern Indiana.
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In most of the midcontinent region, general
epeirogenic subsidence appears to have continued from
interval B until mid-interval C. During mid-interval C
time (early St. Louis), epeirogenic uplift appears to
have occurred in northern Iowa and perhaps in much of
Nebraska, and in eastern Colorado. This uplift caused
regression of the strandline, produced restricted
marine conditions in southeastern Iowa and the deposi-
tion of evaporites, and caused the erosion and removal
of parts or all of lower interval C from northern Iowa,
and probably from part of northeastern and central
Nebraska. Interval C was probably widespread in Kan-
sas originally, but it has been modified greatly by later
erosion and is confined now to the basins on either side
of the Nemaha anticline and Central Kansas uplift (fig.
82). The fact that in places middle interval C rocks are
more extensive than lowest interval C rocks suggests
that most of central and eastern Kansas was not ex-
posed to erosion during the mid-interval C uplift nor to
the regression that affected Iowa and Nebraska.
However, in western Kansas an intraformational ero-
sion surface has been identified within the St. Louis
Limestone. In western Kansas interval C rocks above
this surface contain quartz detritus. This sequence
suggests that epeirogenic warping caused uplift of the
area and a brief regression of the strandline. The
quartz detritus in upper interval C suggests that the
upwarping also was accompanied by uplift of a seg-
ment of the Transcontinental arch to the northwest
which then shed detritus to western Kansas. A similar
situation also exists in Iowa where quartz detritus is
common in the upper part of interval C and indicates
that the Wisconsin uplift to the north had been ele-
vated in mid-interval C time. Farther south, in Arkan-
sas, a brief marine regression due to positive
epeirogenic movements is recorded in the northern
part of the State at the beginning of interval C, but to
the south in central Arkansas, the OQuachita trough ap-
pears to have subsided continuously and to have
received a continuous sequence of detrital marine
sediments. This trough extended westward into
Oklahoma and connected across a saddle with the
Anadarko basin in western Oklahoma. Both troughs
subsided during interval C time and collected sedi-
ment, dominantly detrital in the Ouachita trough and
dominantly carbonate in the Anadarko basin. These
negative features were a rejuvenation of tectonic
features that had existed intermittently as far back as
late Precambrian or Early Cambrian time (Ham and
others, 1964, p. 149—150). The subsidence that started
during interval C continued until Middle Pennsylva-
nian time. In the remainder of the midcontinent
region no tectonic event interrupted sedimentation
from interval B to interval C. Texas, most of New
Mexico, and eastern Colorado appear to have been a
gradually subsiding shelf. In westernmost Texas and
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south-central New Mexico, isopachs suggest the exis-
tence of a subsiding southward-plunging trough dur-
ing interval C time (pl. 5-A). During the last part of in-
terval C time much of this shelf region was uplifted
sufficiently for the sea to withdraw. Greatest uplift
seems to have been in areas along the much later
Ouachita fold belt (pls. 3-A, 4-A, 5-A, 6-A) and was
sufficient to erode and remove much or all of interval
C and interval B.

Interval C in the Rocky Mountains region and
Williston basin indicates continued subsidence in the
three tectonically negative areas developed during in-
terval B time; the Williston basin subsided to receive
more than 1,300 feet of sediment in its deepest part, the
Central Montana trough contains as much as 700 feet,
and the Northeastern Utah trough received more than
600 feet. The deposition of evaporites in Montana, the
Dakotas, and northwestern Wyoming, the distribution
of detrital facies in central Wyoming and northeastern
Utah, and bedding characteristics in northern Arizona
all suggest that deposition was in a regressing sea,
which resulted from lowering sea level or epeirogenic
uplift. The detrital materials near the margin of inter-
val C in western Wyoming and northeastern Utah sug-
gest localized uplift in north-central Colorado and
south-central Wyoming, a segment of the Transconti-
nental arch.

Uplift took piace in late interval C time; in the
Williston basin some Meramec rocks were eroded prior
to deposition of Chester rocks (interval D); similarly, in
Wyoming a karst topography was developed on the top
of the Madison Limestone before deposition of the Dar-
win Sandstone Member of the Amsden Formation (here
assigned to interval D). In northwestern Arizona, also,
a considerable paleontologic hiatus and probably dis-
conformity occur between the isolated remnant of in-
terval D and the more extensive rocks of interval C.

During interval C time the Great Basin and Pacific
Coast regions show increased crustal instability and
tectonic differentiation. Segments of formerly stable
cratonic areas appear to become distinct parts of the
miogeosynclinal belt (pl. 10, fig. 3). The Antler uplift
was intermittently active from northern Nevada into
southern California, and some segments must have
been uplifted a large amount. The relatively thin
carbonate rocks of earlier Mississippian intervals along
the eastern edge of the highland in the miogeosynclinal
belt were uplifted and eroded and then buried by
detritus from the rising highland. The Webb—Chain-
man—Diamond Peak and Eleana trough segments sub-
sided more than in previous intervals. Although the
Copper Basin trough in central Idaho continued to sub-
side during interval C time and more than 2,000 feet of
sediment accumulated locally, the change from detrital
deposition in previous intervals to dominantly carbon-
ate deposition during interval C suggests that the
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Antler uplift in Idaho was relatively inactive. Farther
south, however, the Wendover uplift was probably a
positive element and contributed detritus to north-
western and north-central Utah. Still farther south, in
eastern Nevada and adjacent parts of west-central
Utah, a north-trending positive area, the Ely arch,
developed during interval C but probably shed little
detritus to surrounding low areas. On both of these
positive elements the shelf carbonates of earlier
Mississippian intervals were folded and eroded to form
a surface of low relief. The deep subsidence of basins
east of the positive elements suggests an expansion of
the miogeosynclinal belt at the expense of craton
margin to the east.

Eugeosynclinal tectonic history during interval C
time is almost as uncertain as in preceding intervals.
Volcanics, probably in great volume, were extruded on
the western flank of the Antler uplift in Nevada and in
northern California, and detrital sediments associated
with the volcanics may have been derived from the ac-
tive Antler uplift and deposited in troughs or basins in
the eugeosynclinal belt.

INTERVAL D

Both orogenic and epeirogenic movement continued
in interval D time at an increased rate. In general,
negative areas appear to have subsided more, and posi-
tive areas appear to have been uplifted more than in
previous intervals (pl. 10, fig. 4). These tectonic
changes are reflected by the dominance of detrital
rocks in interval D over most of the country (pl. 6-B), in
contrast to the dominance of carbonate rocks in many
areas in previous intervals (pls. 3-B, 4-B, 5-B).

Perhaps the most conspicuous tectonic changes in in-
terval D (pl. 10, fig. 4) are the extension of the Ap-
palachian geosyncline to connect with the Ouachita
trough and the extension of the Ouachita trough to
form a sinuous geosyncline from Arkansas through
southeastern Oklahoma and central Texas to west
Texas. Subsidence in this combined geosyncline seems
to have been less in west-central Alabama than
elsewhere along the entire length of the trough; this
area might be considered an important discontinuity
between the Appalachian and Ouachita troughs. On the
other hand, if this area of relatively less subsidence is
real, perhaps it was only a sill in the trough and simply
did not subside as much as adjacent areas. This
stability habit seems to have prevailed in Mississippi
and western Alabama through previous intervals of the
Mississippian System. The pattern of geosynclinal sub-
sidence in this study clearly shows that trough seg-
ments subject to great subsidence are separated by
trough segments of lesser subsidence.

PALEOTECTONIC INVESTIGATIONS OF THE MISSISSIPPIAN SYSTEM IN THE UNITED STATES, PART II

Several intracratonic basins or troughs were well
defined during interval D time (pl. 10, fig. 4): the
Eastern Interior, Anadarko, and Delaware basins in
the East and in the southern midcontinent region,
and the Northeastern Utah trough, Central Montana
trough, and Williston basin in the western midconti-
nent region. Of these, the Central Montana trough,
Northeastern Utah trough, and the Anadarko and
Delaware basins seem related to geosynclinal
development in that they extend into the craton from
the geosynclines; they appear to be located at convex
bends of the geosynclines and may have been gra-
benlike depressions, perhaps taphrogeosynclines
(Kay, 1945) or aulacogens (Shatskiy and Bogdanov,
1960), although faulting in Mississippian time has not
been demonstrated.

Through interval D time, as in previous intervals,
most of New England probably remained uplifted, a
mountainous area formed during the Acadian
orogeny. Volcanic activity may have continued off
the southeast coast to provide volcanics in low
neutral areas of Massachusetts and Rhode Island.
Fault troughs in east-central Maine may have con-
tinued to subside and collect sediments during inter-
val D time.

The Appalachian geosyncline subsided more during
interval D time than in preceding intervals; a con-
tinuous belt of more than 1,500 feet of subsidence ex-
tended from eastern Pennsylvania to eastern Alabama
(pl. 10, fig. 4). In the latter part of interval D time, the
Appalachian positive element was actively uplifted not
only in the northern segment, which had produced
detrital materials throughout Mississippian time, but,
probably, also as far south as South Carolina. This in-
crease in uplift and southward extension of the Ap-
palachian positive element appears to correlate with
the increased subsidence of the geosyncline and its
southwestward extension through Arkansas to west
Texas. Source areas north of the Appalachian basin ap-
pear to have been inactive during interval D time. The
Cincinnati arch remained a relatively positive feature
separating the Appalachian and Eastern Interior
basins, but, probably, it was not uplifted enough to
serve as a source for detrital materials in either of these
basins. Broad, open folding took place in late interval D
time within the Appalachian geosyncline in south-
western Virginia, indicated in part by locally derived
pebbles and cobbles within upper interval D. The small
area of northeastern West Virginia, which had been
either slightly positive or neutral during preceding in-
tervals and which was devoid of earlier Mississippian
sediments, appears to have foundered and probably was
covered by interval D sediments.

The Michigan basin was uplifted and folded at some
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time during latest Meramec and Chester time and
before earliest Pennsylvanian (Morrow) deposition
began. The folds are 3—10 miles long and 2—4 miles
wide, and they have 40—200 feet of closure. They trend
northwest, except in southwestern Michigan where
they trend north. The Eastern Interior basin continued
to subside during interval D and received detrital sedi-
ments from the uplifted Canadian Shield to the north
and northeast and from the Transcontinental arch to
the northwest. Some minor tectonic activity took place
within the Eastern Interior basin. There was some
uplift in the Ozark Mountains area which probably was
the source for some of the detrital rocks in north-
western Arkansas. The Ozark uplift may have been
connected with the Transcontinental arch by a narrow,
slightly positive element during much of interval D.

The Transcontinental arch was a broad uplifted
structure trending southwest from Minnesota through
western Nebraska, Colorado, and into New Mexico and
Arizona. Judging from the distribution of detrital rocks
around the margin of this arch, more uplift may have
taken place in the Minnesota-Wisconsin area, in north-
central Colorado and southeastern Wyoming, and in
west-central New Mexico than elsewhere along the
arch. South of the arch in Texas and adjacent areas,
regional downwarping resumed at the beginning of in-
terval D, and the Ouachita geosyncline, as a rapidly
sinking mobile belt, was extended from southeastern
Oklahoma southwestward through central Texas to
west Texas. The Anadarko basin in western Oklahoma
continued to subside during interval D and, as during
interval C time, was connected to the Ouachita geo-
syncline by a trough which subsided less than the
Anadarko basin or the Ouachita geosyncline. The
Delaware basin in Texas also subsided during interval
D and appears to have been connected to the geo-
syncline to the southeast by a trough of less subsidence.
The similarity of the Anadarko and Delaware troughs
is striking. Both are subsiding linear elements extend-
ing northwesterly into the craton at convex west- or
northwest-projecting salients of the Ouachita geo-
syncline.

In the Rocky Mountains region and Williston basin,
the most conspicuous areas of subsidence during inter-
val D time are the Central Montana trough and
Williston basin and the Northeastern Utah trough. All
these contain some detrital rocks, the detritus having
been derived from uplifted segments of the craton.
Farther south in Arizona the record of sedimentation is
very sparse; but in this area there is no indication of a
source for detrital materials, and uplift of cratonic
areas must have been slight. The Great Basin and
Pacific Coast regions show increased tectonism in the
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mobile belts during interval D time just as in the Ap-
palachian region. The Antler uplift in central and
north-central Nevada was actively elevated; segments
of the uplift to the north probably were relatively quies-
cent; segments to the south probably underwent slight
uplift. Although the central Idaho segment of the
miogeosyncline subsided to accommodate more than
4,000 feet of carbonate and fine detrital sediment, the
Webb -Chainman —Diamond Peak segment of northern
Nevada subsided to accommodate only a little more
than 2,000 feet of coarse detritus derived from the tec-
tonically active part of the highland. In contrast, the
Oquirrh basin in northwestern Utah subsided rapidly
and accommodated more than 4,400 feet of dominantly
carbonate interval D. Thus, the miogeosynclinal belt in
the latitude of northern Nevada and Utah remained as
wide during interval D as during interval C. Although
the Wendover uplift and Ely arch remained as positive
structural features during the deposition of interval D,
the sum of movement resulted in a slight subsidence,
for interval D thins across these features; rocks of
latest Chester age may have completely covered the
Wendover uplift.

The eugeosynclinal belt west of the Antler uplift may
have continued its general subsidence during interval D
time. Detrital sediments no doubt were shed westward
from the rising parts of the Antler uplift and probably
collected in troughs or basins in this province;
elsewhere, shoal areas may have existed, volcanic ac-
tivity may have continued, and volcanoes may have
formed constructional positive features, but the posi-
tion and size of such features are unknown.

STRUCTURAL FRAMEWORK AT THE
END OF THE MISSISSIPPIAN

NEGATIVE ELEMENTS

At the end of the Mississippian Period subsidence
and deposition continued in most of the Appalachian-
Ouachita geosyncline and in the Cordilleran geo-
syncline (fig. 82). Two cratonic basins, the Anadarko
and at least part of the Delaware basin, continued to
subside and collect sediments during the transition
from Mississippian to Pennsylvanian time. Four seg-
ments of the Appalachian-Ouachita geosyncline sub-
sided large amounts during Chester (Mississippian in-
terval D) time (pl. 10, fig. 4); these segments were in
eastern Pennsylvania, western Virginia, across Arkan-
sas into adjacent States, and in west Texas. Although
the entire geosyncline from Pennsylvania to west
Texas continued to subside during Morrow (Pennsylva-
nian interval A) time, only a lengthened segment
across Arkansas as far east as western Georgia showed
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major subsidence (McKee, Crosby, and others, 1975, pl.
15A, figs. 1, 2). The Anadarko basin also subsided a
large amount in Morrow time. The development of the
Cordilleran miogeosynclinal belt across the Mississip-
pian-Pennsylvanian boundary is less easily compared.
The Webb—Chainman —Diamond Peak and Eleana seg-
ments of the Cordilleran miogeosynclinal belt con-
tinued to subside from Chester into Morrow time and
became the Bird Spring—Ely basin in eastern Nevada,
but the northward connection with the central Idaho
segment of the trough appears to have been terminated
by an eastward-projecting salient of the Antler uplift.
The Oquirrh basin continued to subside in Pennsylva-
nian time and connected to the trough in central Idaho,
a negative trend that was evident through Mississip-
pian time. Many of the small basins east of the main
miogeosynclinal belt that are evident in latest
Mississippian time (pl. 10, fig. 4) are not evident in the
earliest Pennsylvanian (McKee, Crosby, and others,
1975, pl. 15A, figs. 1, 2).

POSITIVE ELEMENTS

At the end of Chester time most of the cratonic part
of the United States was uplifted and gently warped; a
generally southward sloping surface appears to have
developed through the northern part of the midconti-
nent region and the Eastern Interior and Michigan
Basin regions. Relatively positive features during inter-
val D time — such as the Colorado-Wyoming uplift, the
Ozark uplift, the Wisconsin uplift, and the Cincinnati
arch — may have been elevated slightly. New tectonic
features originated or poorly delineated Mississippian
features were reactivated and uplifted. New elements
that may have originated at this time were the Uncom-
pahgre uplift, the Central Colorado trough in western
Colorado, and the ancestral Front Range uplift in
north-central Colorado, the Amarillo-Wichita uplift ex-
tending from the Texas Panhandle into southwestern
Oklahoma, and the Nemaha anticline in eastern Kan-
sas (fig. 82). Older tectonic features that may have
become well delineated at this time were the Central
Kansas uplift, the Nashville dome, the Kankakee arch,
and the Findlay arch (McKee, Crosby, and others, 1975,
pl. 15A, figs. 1, 2).

The Appalachian positive element and Antler uplift
continued as positive elements into Pennsylvanian
time. Active uplift occurred in the southern part of the
Appalachian positive element and may have extended
as far south as Alabama in Early Pennsylvanian time.
Uplift appears to have waned in the northern part of
the positive element where uplift had been most active
during the Mississippian. In the Antler uplift, active
movement continued in the Nevada segments from
Mississippian into Early Pennsylvanian time.
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SUMMARY OF TECTONIC HISTORY

The structural framework of the continental United
States changed markedly during the Mississippian
Period. The Appalachian-Ouachita geosynclinal system
developed from a limited subsiding area in north-
eastern United States to an almost continuous subsid-
ing trough extending from Pennsylvanian to ‘West
Texas. The Cordilleran geosynclinal system showed in-
creased subsidence through Mississippian time, and the
miogeosynclinal area expanded eastward at the ex-
pense of the craton. These structural changes are sum-
marized as based on the depositional record provided by
the Mississippian rocks and then are interpreted in
possible plate tectonic explanations.

STRUCTURAL DEVELOPMENT

During Kinderhook (interval A) time, major subsi-
dence in the Appalachian geosyncline was confined to
the northeastern part of the Appalachian basin (pl. 10,
fig. 1), and the adjacent borderland was probably high-
est to the east of this subsiding portion of the geo-
syncline. During Osage (interval B) and Meramec (in-
terval C) time the geosyncline progressively extended
farther south, and large amounts of subsidence took
place in different segments along its length from
eastern Pennsylvania to southern Georgia (pl. 10, figs.
2, 3). In Meramec time subsidence increased in the
Anadarko-Ouachita troughs in Oklahoma and Arkan-
sas.

In some degree the Appalachian positive element
paralleled the extension of the geosyncline. Large
amounts of uplift are indicated as far south as North
Carolina during the Osage. During Meramec time,
however, the rate of uplift and subsidence appears to
have decreased in the Appalachian system, only to be
accentuated (pl. 10, fig. 4) in Chester time (interval D).
Subsidence was large along the entire Appalachian geo-
syncline in latest Mississippian time from Penn-
sylvania to central Alabama and along the sinuous
course of the Ouachita geosyncline proper from eastern
Mississippi to west Texas. The only separation between
the two geosynclines appears to have been a sill-like
area in western Alabama where subsidence, although
more than 1,000 feet, was less than to the northeast
and to the west. The Ouachita geosyncline continued as
a well-defined subsiding trough until mid-Pennsylva-
nian (Des Moines) time (McKee, Crosby, and others,
1975, pl. 15B) when it was uplifted, folded, and faulted
by the Ouachita orogeny. The Appalachian geosyncline,
on the other hand, continued to subside through Penn-
sylvanian time and was folded, faulted, and uplifted
sometime during the Permian or the early part of the
Triassic.

The Cordilleran miogeosynclinal belt developed from
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a relatively simple subsiding trough east of the Antler
uplift during Kinderhook (interval A) time (pl. 10, fig.
1) to a more complex system in succeeding intervals.
Positive movement of the Antler uplift continued
through Mississippian time and was the result of
thrusting of eugeosynclinal rocks eastward over rocks
of transitional and miogeosynclinal facies. Beginning in
the Osage (interval B), localized basins and troughs (for
example, Oquirrh basin) as well as intervening uplifts
(Wendover uplift and Ely arch) began to differentiate
in the craton margin east of the miogeosyncline (pl. 10,
fig. 2) and during the Meramec (interval C) these
features were quite mobile, and may be considered a
part of the Cordilleran miogeosynclinal belt (pl. 10, fig.
3). These features continued to be active through
Chester time (interval D) and into the Pennsylvanian.

In the eugeosynclinal belt west of the Antler uplift
little detail of tectonic development is known. Volcanic
islands were probably constructional features, and sub-
siding basins probably existed which collected volcanic
sediments as well as detritus from the Antler uplift.
The distance of these features west of the Antler uplift
is conjectural.

The Williston, Michigan, and Eastern Interior basins
prevailed as intracratonic basins throughout Mississip-
pian time, with the exception of the Michigan basin
which appears to have been stable or slightly uplifted
during Chester (interval D) time (pl. 10, fig. 4). In-
tracratonic troughs —the Central Montana trough,
Northeastern Utah trough, Delaware basin, and
Anadarko basin — were subsiding features in Early
Mississippian time but were best defined in Chester
time when all were subsiding troughs connected to geo-
synclinal belts (pl. 10, fig. 4). These troughs fit the
definitions of taphrogeosynclines (Kay, 1951) or
aulacogens (Shatskiy and Bogdanov, 1960) and appear
to have developed at bends, convex toward the craton,
of the geosynclines.

PLATE TECTONIC INTERPRETATIONS

During the early Paleozoic the North American Con-
tinent was probably separated from other continents by
oceans, on the east by a proto-Atlantic Ocean (the
Iapetus Ocean of some authors). In the area of the pres-
ent New England States in the Late Devonian, probably
as a result of collisions of northeastern North America
with northern Europe, an uplift was produced, “Acadia”
or “Appalachia”, the northern part of the Appalachian
positive element of this chapter. This collision, marked
by the Late Devonian Acadian orogeny, also resulted in
the destruction of the Caledonian geosyncline that, ac-
cording to recent reconstructions, was continuous from
the Eastern United States, through the Maritime Pro-
vinces of Canada, and through the northern British
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Isles to Scandinavia and eastern Greenland (Kay, 1969,
p. 971).

The Appalachian geosyncline of both the Mississip-
pian and Pennsylvanian Periods was apparently a
southward- and westward-extending segment of the
Hercynian geosyncline of central Europe, in spite of the
interruption of this trough by the Appalachian positive
element in New England.

During the Mississippian Period the destruction of
the proto-Atlantic Ocean continued probably as a result
of subduction of the oceanic plate beneath encroaching
continental plates. The compressional effects were
progressive from north to southwest in the United
States, first causing the uplift of the southward exten-
sion of the Appalachian positive element during the
Mississippian and then, in the Early Pennsylvanian,
the development of a highland from east to west
through Texas.

This compression culminated in the Middle Penn-
sylvanian (Des Moines time) with the Ouachita orogeny
in the OQuachita geosyncline in Arkansas, Oklahoma,
and west Texas, and eventually in the Appalachian
Revolution during Permian time, which marked the
termination of the Appalachian geosynclinal system.

All these compressional events were probably the
result of the approach, collision, and adjustment of the
African and South American plates with the North
American plate and resulted in the destruction of the
proto-Atlantic Ocean leaving these continental plates
in close proximity at the end of the Paleozoic.

The plate tectonic relations are less clear along the
west coast of North America. Presumably the Antler
uplift, extending from southern California through
central Nevada and western Idaho and possibly into
eastern Washington, was the product of compressional
forces caused by the encroachment of the North
American plate on an oceanic plate. This collision of
plates and subduction of the oceanic plate began in the
Late Devonian and continued throughout the Missip-
pian Period with the consequent repeated rejuvenation
of the Antler uplift during this time. In view of the large
amount of volcanic rocks in the Cordilleran eugeo-
synclinal belt, it seems likely that the oceanic plate was
margined by or contained an arc of volcanoes.

PALEOGEOGRAPHIC SUMMARY
LATE DEVONIAN GEOGRAPHY

At the end of the Devonian Period, mountain build-
ing related to the Acadian and Antler orogenies had
produced two northerly trending mountainous areas,
one along the west coast (the Antler highland) and the
other in New England (“Acadia” or the Appalachian
positive element).
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Minor broad upwarps in the craton, perhaps related
to the compressional stresses indicated at both margins
of the continent, also occurred near the end of Devo-
nian time. The Transcontinental arch, the Texas arch,
and the Ozark uplift appear to have been differentially
uplifted and formed low hills and low plains. Although
these uplifts caused a minor restriction of the Late
Devonian sea, much of the conterminous United States
still was covered by broad shallow seas in which deposi-
tion from Devonian into Mississippian time appears to
have been almost continuous (pl. 13).

MISSISSIPPIAN GEOGRAPHY
INTERVAL A

Rocks assigned to interval A indicate that Kin-
derhook time was a time of marine transgression. Early
in Kinderhook time the sea was moderately restricted,
and sizable cratonic areas, marginal to and including
the positive elements, were exposed to subaerial ero-
sion. The epicontinental sea expanded later in Kin-
derhook time and probably had a configuration and
areal extent like that shown on plate 12, figure 1. In
fact, the sea must have been more extensive than
shown in the Colorado, Wyoming, and Utah areas
where marine beds of known or suspected Kinderhook
age have been mapped arbitrarily with beds of Osage
age.

Three different constructions of the paleogeographic
map in the Southeastern States seem possible during
interval A time. The paleogeographic map indicates
that the midcontinent and eastern parts of the United
States were an almost landlocked embayment, and that
access to open marine waters may have been solely
through a broad passageway in South Dakota between
the Wisconsin highlands and the Transcontinental low-
land and a hypothetical limited passageway in Loui-
siana. A land area of very low relief may have bordered
the embayment on the south through most of the
Southeastern States. If this embayment were so land-
locked, that fact readily explains the restricted marine
environment that existed in late Kinderhook time in
the northwestern part of the Appalachian basin and in
the Michigan basin where black organic shales accum-
ulated in an euxenic environment. The origin of the
phosphate and glauconite in the Kinderhook rocks of
the Maury Formation of Tennessee and of the upper
part of the Chattanooga Shale of northwestern Georgia
and northeastern Alabama could have a bearing on the
interpretation of the geography of the southern part of
the embayment. Conant and Swanson (1961, pl. 14)
showed inferred land through the Southeastern States
in latest Devonian and earliest Mississippian time
(Chattanooga Shale) and also inferred an isthmus of
land connecting northward through northern
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Mississippi, western Tennessee, and northeastern
Arkansas to the Ozark lowland. If this physiography
prevailed into interval A time, the phosphate and
glauconite of the Maury Formation probably formed
from concentration of chemicals indigenous to the
water of the embayment during the extremely slow ac-
cumulation of the fine detrital material in the Maury. A
second possible interpretation of the geography is that
the Ozark lowland was isolated as an island in the em-
bayment and that a marine passageway connected
from the southern Appalachian basin to the relatively
deep water in southern Arkansas. It is possible that
phosphorus-rich upwelling currents from the deep car-
ried phosphate to the more shallow areas of the
southern Appalachian basin and produced the phos-
phate deposits of the Maury Formation. Thirdly, it
seems possible that additional access to open marine
waters may have existed southwest of the Appalachian
landmass as one or more passageways southward from
the Ouachita Mountains area of Arkansas through
Louisiana and Mississippi (as shown on pl. 12, fig. 1) or
southward through Georgia and Alabama to join with
the open, southern part of the proto-Atlantic Ocean.
Again, phosphorus-bearing waters upwelling from the
ocean basin might have provided the phosphate con-
tained in the Maury. Either the second or third
possibility seems to meet the paleolatitudinal and
paleogeographic conditions for phosphate deposition in-
dicated by Sheldon (1964, p. C109—C110); the Maury
Formation probably was deposited between lat. 15° and
25° S. within the trade-wind belt. Trade winds would
have blown westward from the southern Appalachian
basin across the deep water in southern Arkansas, pro-
viding proper conditions for upwelling of cool water
from the deep.

River systems drained westward from the Ap-
palachian highlands through foothills to cross a swam-
py plain and form deltaic deposits of coarse clastic
material in the Appalachian lowlands (Pepper and
others, 1954, pls. 12, 13A—13I). On the northern side of
the embayment, deltas, generally of finer grained
clastic material, were formed by river systems draining
from the Adirondack region, the Canadian Shield, and
the Wisconsin highlands. The lower courses of these
relatively long rivers probably traversed lands of only
slight relief and may have crossed swampy plains to
empty into the marine embayment. Within the embay-
ment, Cincinnatia may have been a large island area
during early interval A time but may have been almost
completely covered by water during the late part of in-
terval A. The Ozark lowland probably was an island,
perhaps with centrally located low hills, throughout in-
terval A time; minor uplift during the middle part of the
interval produced a marked influx of fine clastic
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material off the western side of the island. Land areas
in Texas, the Transcontinental lowlands, and the De-
fiance-Zuni hills were undoubtedly of low relief. A part
of the lowlands in Texas, in particular, supplied
relatively coarse detrital material to the sea in
Oklahoma and may have had a central relief of low
hills. Segments of the Antler highland formed low hills
which shed dominantly fine detrital material to the
Eastern Cordilleran Sea and its deeps in southern
Nevada, in northern and central Nevada, and in central
Idaho. Little is known of the paleogeography of the
Western Cordilleran Sea lying west of the Antler high-
land during interval A, specifically. Detrital material
probably was shed westward from the Antler highland,
and fine materials may have been transported along
the belt by longshore currents. Volcanic rocks in north-
ern California, suggest the possible existence of
volcanic islands, perhaps an island arc. The northern
extension of the Antler highland is also poorly known.
In eastern Washington limestones of Early Mississip-
pian age suggest a miogeosynclinal assemblage, but
nearby argillite sequences are of eugeosynclinal aspect.
It is possible that the argillites are allochthonous and
have been thrust eastward into the miogeosynclinal
belt and that the projection of the Antler highland was
just to the west of these outcrops. This postulated high-
land may have extended north to connect with a gean-
ticline in southeastern British Columbia (the Omineca
geanticline of Douglas and others, 1970, p. 411—413).
By this interpretation, the highland may have been a
narrow linear belt of low hills in eastern Washington
during interval A time that may have provided the
detrital rocks of part of the Grass Mountain sequence of
northeastern Washington. On the other hand, no evi-
dence of a Mississippian highland has been identified in
central Washington, and the thick sequence of detrital
rocks may have been derived from a postulated high-
land in northwestern Montana and northern Idaho (pl.
12, fig. 1). These alternate interpretations may apply
throughout Mississippian time, inasmuch as the sparse
outcrops of possible Mississippian rocks in Washington
cannot be broken down into intervals.

INTERVAL B

Mountainous terrain is again indicated along the
central Eastern United States (pl. 12, fig. 2). An ele-
vated landmass extended probably from New England
south to North Carolina, flanked on the west by low
hills and a swampy coastal plain across which rivers
carried detritus which finally was deposited in deltas.
Although Osage time marks the maximum transgres-
sion of Mississippian seas over conterminous United
States, the aggradation by streams draining this
eastern source area caused an overall westward retreat
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of the strandline in the Eastern States. Most areas that
had previously been islands, such as Cincinnatia and
small islands in the Eastern Interior basin, were all
submerged during the interval B transgression. The
Ozark lowland might have remained emergent as a
small island or a group of islands. The Canadian Shield,
Wisconsin highland, and the Adirondack region were
still contributing detritus to the embayment from the
north. Only marine deposits are known in Michigan
and Ohio, thus, the strandline and coastal plain must
have been to the north in Canada. Relatively deep
water existed in an area extending from southern Il-
linois southward through southern Arkansas. As dur-
ing interval A time, the geography of the Southeastern
States during interval B is poorly known; a land area of
very low relief is postulated to have extended along the
southern side of the embayment as far west as eastern
Texas, with the exception of a marine passageway
possibly through Louisiana.

The Transcontinental lowlands and the lowland in
northern and western Texas were mostly submerged
during interval B. The Defiance-Zuni hills on the
Arizona—New Mexico State line, and parts of north-
eastern New Mexico, west Texas, and southwestern
Arizona all appear to have been island areas of very low
relief. A larger island in southeastern Wyoming and
central and eastern Colorado may have had some low
hills; at least it shed minor amounts of detrital material
to the surrounding sea.

In the Far West the Antler highland may have
formed a continuous linear land area separating the
miogeosynclineal Eastern Cordilleran Sea from the
eugeosynclinal Western Cordilleran Sea. Texture and
quantity of detritus deposited in the Eastern Cor-
dilleran Sea suggest that land areas of mountainous
terrain were uplifted in north-central Nevada and
central Idaho. The Wendover highland in northwestern
Utah also was uplifted and formed a small island that
may have had low hilly relief and shed considerable
amounts of detritus. The only area of probable deep
water was in the Eleana deep in south-central Nevada.
West of the Antler highland the Western Cordilleran
Sea area is poorly known. It is visualized as an area con-
taining shoals and both tectonic and volcanic islands,
probably with fringing reefs; deeps probably existed in
parts of the sea floor.

INTERVAL C

The tectonic instability of Meramec time in the
United States is reflected in the paleogeographic in-
terpretations (pl. 12, fig. 3). Marine advance was proba-
bly not as extensive as during interval B. The southern
part of the Appalachian highlands had been reduced to
low hills, but the northern part remained a highland




388

that shed sediments through foothills to an alluvial
plain. Maximum marine advance in the Appalachian
basin appears to have extended to central Pennsylvania
and southeastern Ohio and formed an embayment
bounded on the west by a low land, Cincinnatia, and on
the north by alluvial plains sloping up toward the Cana-
dian Shield and the Adirondack Mountain area. A low
peninsula reflecting the Kankakee arch probaby pro-
jected westward from Cincinnatia. A peninsula also
projected southeastward from the Wisconsin highland.
These two peninsulas served from time to time to
restrict the marine waters of the Michigan basin and to
cause evaporite deposition. The Ozark lowland in
southern Missouri emerged as plains and low hills and
was sufficiently large during the mid-interval C regres-
sion to combine with Cincinnatia and produce
restricted marine waters (pl. 11, fig. 3) and evaporite
deposition in the Eastern Interior basin of southeastern
TIowa, southern Illinois, and western Kentucky. The
only deep water in the major embayment of the eastern
part of the United States is presumed to have extended
eastward across southern Arkansas from southeastern
Oklahoma. Low land is postulated margining this em-
bayment on the south, as far west as southeastern
Texas, except for a marine passageway possibly south-
ward through Louisiana. The land areas may have shed
some fine detrital materials into the deepwater trough.
Volcanoes must have been active in the vicinity, as indi-
cated by the presence of the tuff beds associated with
the detrital material deposited in the deep water.

The Transcontinental lowland, connecting with the
Wisconsin highland and extending from Wisconsin and
Minnesota southwestward through Colorado and
Arizona, probably was a land area during most of inter-
val C time, and it probably separated the eastern
marine embayment from western marine waters. It
must have been a very low barrier, for it produced little
detritus to adjacent seas. In the Wisconsin highland
area, low hills may have been a source for small
amounts of detritus in interval C in southeastern Iowa.
Another area of low hills probably existed in western
Nebraska and north-central Colorado which served as
source for a small amount of detrital material in
western Kansas and southeastern Colorado and a
larger amount in northeastern Utah (pl. 10, fig. 3). If
the combined Transcontinental lowland and Wisconsin
highland was a barrier separating eastern and western
seas during most of interval C time, the main accessway
to open marine waters from the eastern embayment
probably would have been through western Texas,
southeastern New Mexico, and a possible marine
passageway in the Southeastern States.

West of the Transcontinental lowland the most pro-
minent land area was the Antler highland. The
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southern part was uplifted during interval C time, and
high mountains were present in Idaho, in northern
Nevada, and in southwestern Nevada and adjacent
California. East of the Antler highland, two lowland
areas formed islands during most of interval C time, the
Wendover higland in northwestern Utah and the Ely
lowland, reflecting the Ely arch, in eastern Nevada.
West of the Antler highland, volcanic rocks suggest
that volcanic islands, perhaps even a volcanic island
arc, may have formed land features, and could have
been the only land features in the eugeosynclinal sea.

INTERVAL D

Greater change, both geographically and tec-
tonically, probably took place during interval D time
than in any of the preceding Mississippian intervals.
The increased instability of both the craton and the
marginal belts noted during interval C time continued
into interval D time and appears, in general, to have in-
creased through the interval.

The Appalachian highlands along the eastern
margin of the Appalachian geosyncline were uplifted
and extended southward so that by late Chester time a
mountain range probably was continuous from the
Canada—New England border almost to Georgia (pl. 12,
fig. 4B). Detrital material was transported westward
through a foothill region and was deposited on alluvial
plains that progressively extended westward during the
interval causing the westward retreat of marine waters
from southwestern Pennsylvanian to southern Ohio.
(Compare early Chester, pl. 12, fig. 4Awith late Chester,
pl. 12, fig. 4B.) To the southwest an area of low hills
flanked by plains are presumed to have extended
beyond the end of the mountainous area through the
southern parts of Georgia, Alabama, and Mississippi.
Some volcanic activity continued in interval D, and
volcanoes are again indicated in the south (pl. 10,
fig. 4).

To the west, Cincinnatia and the Nashville lowland
were emergent areas of very low relief through Chester
time. Uplifts in Canada and in the Minnesota-Wiscon-
sin area caused widespread development of deltaic
deposition in the Eastern Interior region early in
Chester time and caused the consequent general south-
ward retreat of the strandline from its positions in
earlier intervals. The Ozark lowland probably was
uplifted slightly, and part of it may have been an area of
low hills. During at least the latter part of Chester time,
the Ozark lowland may have been a peninsula tied by
an isthmus of very low land to higher land areas to the
west in the Transcontinental lowland.

Thus, the eastern embayment shrank drastically
during interval D time, first in the Eastern Interior
region and later in the Appalachian basin region.
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Shallow-water marine deposition took place in the
eastern embayment, but deepwater deposition occurred
in both the Ouachita deep and the Anadarko deep. Ac-
cess to open marine waters must have been through
South-Central United States.

The Transcontinental lowland probably was uplifted
sufficiently to serve as a northeast-trending barrier be-
tween western and eastern marine waters and also to
provide a source area for detrital materials along its
margins. Higher ground, most likely rolling hills, proba-
bly existed in several places along this arch: in north-
western New Mexico, north-central Colorado and
southeastern Wyoming, and in Minnesota and Wiscon-
sin.

On the west margin of the Transcontinental lowland,
three embayments received some sediment from the
lowland itself (pl. 12, fig 44). The Williston basin, a pre-
vailing intracratonic basin, was connected to the
Eastern Cordilleran Sea through the Central Montana
trough. The embayment in western Wyoming, an area
of estuarine deposition, was gradually covered by
shallow water during the Chester transgression. The
structural trough in northeastern Utah (pl. 10, fig. 4) is
interpreted to have caused a slight embayment of the
coastline in northwestern Colorado.

As in previous intervals, the sea probably was
widespread in the Far Western States during interval D
time. The Antler highland was the most conspicuous
land area and was probably continuous from southern
Idaho through Nevada into California. High mountains,
however, were probably confined to the part of the
highland in northern and central Nevada and in Idaho;
the remainder of the highland may have been low hills
or plains. West of the highland in the eugeosynclinal
belt volcanic islands may have been the only land areas
and their position is not known; perhaps they formed
an island arc.

END OF THE MISSISSIPPIAN

Marine retreat, probably the result mostly of
epeirogenic uplift and warping, reached a maximum at
the end of the Mississippian Period. At this time only
about 30 percent of the conterminous United States
was inundated (pl. 12, fig. 4C). Marine waters were con-
fined to the southern part of the Appalachian geo-
syncline but extended at least as far north as north-
eastern Kentucky (Sheppard and Dobrovolny, 1962;
Horne and others, 1974). The Ouachita geosyncline and
the Anadarko basin were submerged by marine waters,
but the Delaware basin was probably emergent.

In the Western States, the area of the Eastern and
Western Cordilleran Seas remained submerged, and a
sinuous shoreline probably followed close to the
western margin of the craton. Both of the areas of the
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Williston basin and Central Montana trough were prob-
aby emergent.

The Appalachian highlands probably remained as a
mountain range along much of its length at this time,
as did the Antler highland in the West, at least in
central and northern Nevada and in Idaho. Most of the
central land areas of the country were probably flat,
perhaps swampy flood plains. Low hills may have been
present in the more positive areas of the craton either
as erosional remnants or perhaps as areas actively
uplifted and eroded at this time. These hilly areas may
have been along Cincinnatia, in the Ozark lowland, in
the Wisconsin highlands, in the Colorado-Wyoming
area, and in the area of the Defiance-Zuni hills.

DEPOSITIONAL AND ENVIRONMENTAL
HISTORY OF THE MISSISSIPPIAN
SYSTEM

RELATION OF MISSISSIPPIAN SYSTEM
TO UNDERLYING ROCKS

Rocks of Mississippian age rest conformably on rocks
of Late Devonian age (pls. 2, 13) throughout the Ap-
palachian basin, the Michigan basin, and Eastern In-
terior basin, as well as most of the Williston basin,
Central Montana trough, eastern Quachita trough, and
a central part of the Great Basin region. With only a
few exceptions, deposition in these areas seems to have
been essentially continuous from Late Devonian into
Kinderhook time (pl. 13).

Lithologic changes do not always correspond to the
systemic boundary in parts of these areas and the base
of the Mississippian System and of interval A has been
placed arbitrarily at the nearest regionally identifiable
contract. Thus, a thin veneer of beds that are known to
be of earliest Mississippian age have been mapped with
the Devonian — for example, the Hampshire Forma-
tion in the northern Appalachian basin (pl. 15, cols. 4,
5), the Chattanooga Shale of parts of the South-Central
States (pl. 15, cols. 70, 72), the Bakken and Englewood
Formations in the Williston basin (pl. 15, cols. 98—101).
Conversely, some rocks assigned to the Mississippian in
this study may be shown (pl. 2) as resting on rocks of
combined Mississippian and Devonian age. In all cases
these underlying rocks that cross the system boundary
are believed to be latest Devonian and earliest
Mississippian age.

Mississippian rocks rest disconformably on beds
older than Late Devonian in limited areas around the
Ozark uplift, marginal to the Williston basin, and
marginal to the central part of the Great Basin region.
They also are disconformable on older rocks in a broad
area extending from eastern Montana through central
Wyoming and including much of eastern Colorado,
western Kansas, northern New Mexico, northern and
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central Texas, and all Arizona. In this broad area the
Mississippian rocks progressively overlap older systems
to rest finally on Precambrian rocks in an irregular
central area in northeastern Colorado, and in an irregu-
lar area in central and northeastern New Mexico and
the adjacent Texas Panhandle. The generalized mag-
nitude of disconformtiy at the base of the Mississippian
System is shown on plate 13.

INTERVAL A

Interval A includes rocks that are mostly of Kin-
derhook age, the oldest provincial series of the
Mississippian Period. In places, however, some or all of
the rocks of Kinderhook age have been assigned ar-
bitrarily (1) to the overlying unit and mapped as part of
interval B, (2) to a combined unit with the overlying
rocks and mapped as interval A-B undivided, or (3) to
the Devonian and excluded from the maps of interval A.
All these arbitrary assignments result from the ab-
sence of a distinctive rock unit containing beds ex-
clusively of Kinderhook age. Assignments are shown on
plate 15. Cross sections of interval A are shown on
plates 9-A, 9-E, 9-F, and 9-G.

Interval A is quite thin over most of its area of
deposition relative to the thickness of the succeeding
intervals of the Mississippian, and, although
widespread originally, interval A forms the least
volume of rock of any of the intervals. In general, inter-
val A was deposited in a transgressing sea which
covered much of the United States by the end of inter-
val A time. Even if those rocks of Kinderhook age here
excluded from interval A were included in this map-
ping, the interval would still contain the least volume of
any Mississippian interval.

APPALACHIAN BASIN

The eastern edge of deposition of interval A must
have been considerably east of the axis of the Ap-
palachian geosyncline (pl. 10, fig. 1) in the northern
part of the Appalachian basin (fig. 82). The strata of
the eastern part of the basin are continental and the
featheredge lay well east of the shore of the Early
Mississippian sea. Similarly, the northern edge of
deposition for the western half of the Appalachian
basin lay well north of Lake Erie in Canada.

In the southern extremity of the Appalachian basin,
interval A probably reaches a depositional limit in
northeastern Mississippi and west-central Alabama (pl.
3-A). Interval A in the southern part of the Ap-
palachian basin mostly consists of a single thin forma-
tion, the Maury Formation; in the northern part of the
basin, it comprises three formations: the Bedford Shale,
Berea Sandstone, and Sunbury Shale and equivalent
beds (pl. 15). Along the eastern margin of Mississippian
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rocks from Pennsylvania to Tennessee, the lower part
of the Mississippian cannot be separated, and these for-
mations of interval A pass into the lower part of an un-
differentiated sequence of relatively coarse detrital
rocks of the Pocono Formation or Price Sandstone. In
this area the lower two intervals of the Mississippian
are combined and mapped as a single unit, interval A-B,
as shown on plates 3, 4, and 9-B.

Interval A is thickest (pl. 3-A) near the axis of the
Appalachian geosyncline in eastern Pennsylvania
where at least 2,000 feet of continental clastic strata
can be referred to the interval on fossil evidence,
although lithologically these beds do not differ from the
rest of the strata in combined interval A-B. The wedge
of interval A strata thins to the west and reaches a
near-minimum thickness near the center of the basin
in west-central and southern West Virginia. These
strata are also thin in south-central Kentucky, Ten-
nessee, and Alabama, where the interval is commonly 5
feet thick or less.

From northeast to west and southwest, the rocks of
interval A grade from coarse-grained continental
clastics to fine-grained marine rocks (pl. 9-E, sec.
A—A"). Near the axis of the Appalachian geosyncline in
the northeastern part of the region, conglomeratic
sandstone is abundant (pl. 3-B); whereas, in the
western part of the basin and on the platform to the
west, fine-grained dominantly marine sandstone inter-
fingers with and grades laterally into siltstone and
shale. Green shale containing phosphate nodules and
glauconite grains is the dominant lithology in the
southwest part of the basin.

South of Kentucky the Chattanooga Shale contains
at most a few feet of beds of Mississippian age; however,
the formation has been excluded from interval A, and
the base of interval A is mapped at the color change
from black shale of the Chattanooga to the green shale
of the Maury. The basal contact of interval A is
regarded as essentially conformable with underlying
strata through almost all of the Appalachian basin (pl.
13). In parts of northeastern Mississippi and north-
western Alabama the Chattanooga Shale and interval
A are missing. In the places where both are missing, in-
terval B of the Mississippian rests on rocks of un-
differentiated Devonian or probable Middle Devonian
age. In limited areas in central Tennessee and northern
Alabama, interval A rests on older strata (pl. 2). These
isolated areas seem to be areas of localized uplift and
erosion prior to Mississippian time and may have been
islands during the deposition of the Chattanooga.

Throughout the Appalachian basin the boundary be-
tween intervals A and B is conformable and, except in
the area where these intervals cannot be separated, is a
lithologic contact of convenience (pl. 15).
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A major source area for detrital materials lay east of
the northern part of the Appalachian basin region and
shed coarse materials westward into the Appalachian
geosyncline. A second source for detrital material lay in
Canada and shed detritus southward into central and
eastern Ohio. To the south and west of these sites of
coarse deposits, interval A consists of shale and
mudstone (pl. 3-B) that is presumed to have been
derived mainly from these sources and to have been
transported in suspension by marine currents. In the
southern part of the basin, however, the fine-grained
sediments may have been partly derived from lowland
areas inferred to lie to the east and south of the basin
(pl. 10, fig. 1; pl. 12, fig. 1).

Large deltas fed by a series of river systems formed
along the northern and eastern margins of the Ap-
palachian basin. The subaerial portions of the deltas
may have been fringed by beach and tidal flat deposits.

During deposition of the Bedford Shale and Berea
Sandstone, the sea appears to have been of normal
salinity and oxygen content. But in latest interval A
time, during the maximum advance of the sea, when
the Sunbury Shale was being deposited, euxenic condi-
tions existed in a large area east of Cincinnatia (pl. 11,
fig. 1), and restricted marine conditions are inferred.

A monsoonal climate may have existed in the basin
(Pepper and others, 1954, p. 82). Coal beds in the delta
formed by the Pocono Formation indicate a climate
sufficiently benign to support swamp vegetation.

MICHIGAN BASIN AND
EASTERN INTERIOR BASIN

Because of post-interval A and post-Mississippian
erosion, the original depositional limits of interval A
are not known, but, generally, they were well beyond
the present limits of the interval (pl. 3-A; pl. 10, fig. 1)
in these regions. The limits of the interval are con-
sidered to be depositional limits only locally around the
Ozark uplift and in a few places along the La Salle anti-
clinal belt (fig. 82).

Interval A attains a maximum thickness of almost
800 feet in the Michigan basin (pl. 9-E, secs. B—B/,
C—-C". To the south in the Eastern Interior basin
region, interval A (pl. 9-A, secs. a—a’ through g—g’) is
thin compared to thicknesses in the Michigan basin
and also compared to thicknesses of succeeding inter-
vals. Thicknesses exceeding 100 feet are mostly lobate
tongues of detrital material. Extremely thin but
widespread interval A occurs in Indiana and adjoining
Illinois and in western Kentucky and western Ten-

nessee. c
Interval A in the Michigan Basin and Eastern In-

terior Basin regions is dominantly fine-grained detrital

rock (pl. 3-B) except that carbonate rocks form a belt
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extending from southwestern Indiana across southern
Illinois.

During much of interval A time the Michigan basin
was covered with shallow normal marine waters, and
deposition in this environment was virtually continuous
from the Devonian. In the east a delta in the Thumb
area, marked by the Berea Sandstone, tongued south-
westward into the Antrim Shale of the central part of
the basin. In late interval A time, the delta, if any,
retreated northward into Canada (pl. 11, fig. 1); the
Sunbury Shale was deposited in much of the basin, and
an euxenic environment indicating restricted circula-
tion in the seaway replaced the more normal marine
environment of the earlier part of interval A time.

Early interval A time in the Eastern Interior basin
region is marked by the westward advance of a delta
into eastern Kentucky. Mudstone and sandstone (Bed-
ford and Berea) from source areas east of the Ap-
palachian geosyncline were shed westward into a
shallow marine environment. Concurrently, detrital
sediments of probable deltaic nature encroached south-
ward and southeastward and were deposited in marine
waters in southeastern Iowa, northeastern Missouri,
and western and central Illinois, as well as in north-
western Indiana. Muds were also transported, probably
southward or westward into the Forest City basin.
Early interval A carbonate deposition was mostly
restricted to shelf areas in western Missouri. Carbonate
environments are interpreted to have spread north-
ward and eastward across areas marginal to the Ozark
Mountains area as the supply of detrital sediments
from northern source areas diminished.

In late interval A time (pl. 11, fig. 1), deltaic deposi-
tion in the eastern part of the region diminished, and
environments migrated eastward and northward with
the transgression of the sea. Dark organic mudstones
were deposited in shallow restricted marine environ-
ments along the east side of the Cincinnati arch and
north of the Kankakee arch. Weakening of energy to.
disperse detrital materials in the upper Mississippi
Valley area allowed carbonate deposits, already present
in western Missouri during early interval A time, to ad-
vance eastward and interfinger with detrital sediments
in the Mississippi Valley area and finally onlap the
detrital sediments throughout most of Illinois and In-
diana to the Cincinnati arch. Shallow clear-water
marine conditions prevailed in carbonate-dominated
areas marginal to the Ozark Mountains area, but
quieter and perhaps deeper water conditions are infer-
red to have existed farther east. The emergent or shoal
area along the Cincinnati arch prevented carbonate
deposition from reaching eastern Ohio. In late interval
A time, deposition of detrital sediments locally in south-
western Missouri and of oolitic limestones in Iowa indi-
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cates that a shallow relatively high energy, clear-water
environment marked the late stages of interval A
deposition.

Source areas for the detrital rocks of the Michigan
basin (pl. 10, fig. 1) appear to have been dominantly to
the west from the Wisconsin highland and to the north-
east from the Canadian Shield. Both of these source
areas provided detrital materials to the northern part
of the Eastern Interior basin, although the Wisconsin
highland appears to have been the dominant source
and to have contributed coarser material than that
_ derived from the Canadian Shield. The sandstone and
mudstone of eastern Kentucky were derived from the
east and northeast; only the distal portions of these
detrital wedges occur within the region, and the west-
ward and southward thinning of these lobate tongues
indicates the same source direction across the Ap-
palachian basin. The widespread thin phosphatic
mudstone (Maury Shale) in the southern part of the
region probably was derived from distant eastern and
southern sources. The west-trending belt of detrital
material in southwestern Missouri (pl. 3-B) was derived
from the Ozark uplift.

MIDCONTINENT REGION

In contrast to regions to the east, the base of interval
A is a disconformity throughout most of the midconti-
nent region. Interval A was probably of much greater
extent than at present. Interval A seas may have
covered the Transcontinental arch in Nebraska and
South Dakota, joining the deposits of the midcontinent
region with those of the Williston basin.

Interval A exceeds 200 feet in thickness in only a few
places in the midcontinent region (pl. 3-A). The irregu-
lar thickness distribution appears to be the result both
of irregularity of the surface of deposition and pre-in-
terval B or pre-Pennsylvanian erosion or both.

Interval A in the midcontinent region is dominated
by carbonate rocks (pl. 3-B; pl. 9-A, secs. a~a’, b—b’,
c—c’; pl. 9-E, secs. D—D' through H—H’, pl. 9-F, secs.
I—I' through L—L’). It contains more than 10 percent
chert in large parts of Iowa and westward into
easternmost Nebraska. If the interval A part of the
Arkansas Novaculite in the Quachita Mountains area
of southern Arkansas had been mapped in this study, it
would be shown as carbonate rock containing 10—80
percent silica. Detrital rocks are conspicuous in
southeastern Iowa and in the Anadarko basin area of
the Panhandles of Texas and Oklahoma and are ir-
regularly distributed in interval A of southwestern
Texas and southeastern New Mexico. Rocks of Kin-
derhook age in the Arkansas Valley through central
Arkansas are dominantly shale and would make
another patch of detrital rocks on the lithofacies map
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(pl. 3-B), but they were arbitrarily excluded from inter-
val A and are not shown on the map.

The widespread pre-interval A black shale in the
eastern part of these regions, the Chattanooga Shale,
represented an euxenic environment of deposition in
relatively restricted marine waters. It was succeeded
abruptly by normal conditions in a transgressing sea.
Earliest deposits of interval A were detrital in many
places; basal sandy units in Arkansas, Oklahoma, and
western Kansas were derived from reworking of preex-
isting regoliths which in turn may have been derived in
considerable amount from Ordovician rocks. The re-
mainder of interval A is dominated by carbonate rocks
through almost all the midcontinent region. These
carbonates are oolitic and crinoidal, and with the basal
detrital rocks they suggest warm shallow-water normal
marine deposition in an environment of moderate
energy. A lower energy environment and perhaps
deeper water may be indicated by the dark shale and
novaculite of central and southern Arkansas. The ir-
regular distribution of interval A in western Texas and
southeastern New Mexico suggests that interval A may
have filled old valleys in the previous land surface dur-
ing the advance of the interval A sea from the south.

The detrital materials of southeastern Iowa were
derived in part locally from underlying strata and in
part from the Wisconsin arch to the northeast (pl. 10,
fig. 1); those in the Anadarko basin probably were
derived from the Texas arch (fig. 81) to the south, and
those in the southwest Texas area may also have been
derived from the Texas arch and other land areas in
New Mexico and western Texas. The primary source for
the carbonate rocks of interval A was organic.

ROCKY MOUNTAINS REGION
AND WILLISTON BASIN

Interval A is thickest and most extensive in the
northern part of the Rocky Mountains region (pt. I,
chaps. M, N; pl. 9-F, secs. N—N’, 0-0', P—P’) and in the
Williston basin (pt. I, chap. O; pl. 9-F, secs. O-0,
Q@—Q). Rocks of interval A include shale and limestone
in central and eastern Montana and limestone in North
and South Dakota and central Wyoming.

Farther south, beds assigned to interval A are
limited in extent. (See pt. I, chaps. J, K, L, M and pl. 9-F,
secs. I-I') M—M', N—N') The age of some beds is
poorly known, however, and the age assignments com-
monly are either equivocal or arbitrary. (See pl. 15.)

The original limits of beds of Kinderhook age were
considerably beyond the present limits of the beds
assigned to interval A (pl. 3-A) in most of the Rocky
Mountains region. As a result of the arbitrary inclusion
of certain beds of Kinderhook age with interval B in
this study, the land area shown or implied in the in-
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terpretive maps (fig. 1 in pls. 10, 11, 12) is considerably
exaggerated, particularly in western Colorado, eastern
Utah, northeastern Arizona, and northwestern New
Mexico. In eastern Colorado, southwestern New Mex-
ico, and southeastern Arizona, the present extent of in-
terval A may approximate the original depositional
limit of interval A.

Interval A thins irregularly from a maximum of
about 350 feet in western Montana (pl. 3-A). Eastward
thinning is probably due partly to onlap during the
transgression of the interval A sea. Kinderhook
equivalents are thought to be present throughout the
Williston basin and to be as extensive there as any of
the overlying parts of the system. To the east and
southeast of the Williston basin, interval A is beveled
by post-Mississippian erosion; consequently, the beds
are absent in eastern North Dakota and eastern and
southern South Dakota.

In central and eastern Montana, in North and South
Dakota, and in northern and western Wyoming, the
rocks are dominantly gray fine- to medium-grained
thin-bedded limestone and dolomite alternating with
thin beds of gray to green calcareous shale or siltstone
(pl. 3-B). In the limited exposures of northwestern
Arizona, interval A is entirely carbonate. Although
these beds in Arizona overlie a regional unconformity
at the base of the Mississippian and they probably
formed at or near the margin of a seaway, they are
almost completely free of terrigenous material. Ap-
parently, any land areas nearby had low relief, and
carbonate rock was exposed on most of the surface
upon which deposition occurred. The carbonate rock
shown (pl. 3-B) as interval A in north-central New Mex-
ico is largely limestone breccia of uncertain origin. (See
pt. I, chaps. J and K for differing interpretations.)

If beds arbitrarily eliminated from this map unit (pl.
15) but suspected or known to contain Kinderhook
equivalents, were represented on plate 3-B, a limestone
pattern would be shown in the Four Corners area, and a
sandstone pattern would be shown in central Colorado
and in southeastern Wyoming and adjacent north-
eastern Colorado. These sandstones may indicate that
an area in central southeastern Wyoming and north-
central Colorado was emergent in Kinderhook time and
was high enough to supply small quantities of quartz
sand to the surrounding marine shelf.

With the exception of minor detrital sediments —
mudstone in the center of the Williston basin and in
southwestern New Mexico and basal sandstones in
central Colorado and southeastern Wyoming — inter-
val A is dominantly carbonate rock deposited in shallow
warm normal marine water (pl. 11, fig. 1) that was clear
and free from mud or sand. Calcareous shale in the
center of the Williston basin was probably derived from
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low distant source areas to the east and southeast along
the Transcontinental arch. In interval A time the
Williston basin area is interpreted as the site of
starved-basin deposition under normal marine condi-
tions where very little sediment — mostly silt, clay, and
organic matter — was deposited and where water was
relatively deep in comparison to later stages of sedi-
mentation. Calcareous mudstone in southwestern New
Mexico was probably derived from lowlands to the
north in west-central New Mexico.

GREAT BASIN AND
PACIFIC COAST REGIONS

Interval A is thought to have been deposited widely
on the Great Basin (pl. 9-G, secs. R—R'through U-U)
and Pacific Coast regions. It was not deposited on the
Antler uplift, a belt that was raised in Late Devonian
time and extended from central Idaho southward
through central Nevada to central and southern
California (fig. 82). The uplift separated the Cordilleran
geosyncline into two parts, a miogeosynclinal belt on
the east and a eugeosynclinal belt on the west. During
interval A the uplifted belt was relatively low.

Thicknesses of 1,000 to more than 2,000 feet of inter-
val A were deposited in parts of the miogeosynclinal
trough. East of the main trough interval A thins rapidly
to shelf sections which range from about 100 feet to
local maximums of more than 600 feet. Thicknesses of
interval A west of the Antler uplift in the eugeosyncline
are not known.

Shale and siltstone are the dominant facies in the
miogeosyncline (pl. 3-B); these rocks were derived from
the Antler highland (pl. 10, fig. 1) to the west. Locally,
in central Nevada, limestone is adjacent to the Antler
highland in the miogeosynclinal belt. East of the
miogeosynclinal belt, interval A is dominated by
limestone. Mississippian rock types in the eugeo-
syncline are dominantly detrital but include such
diverse rocks as bioclastic limestone and mafic lava
flows. Rocks probably assignable to interval A include
volcanics, shale and chert, and conglomerate in north-
ern California and limestone in northeastern Washing-
ton. In the eugeosyncline some of the detritus undoub-
tedly was derived from the Antler highland to the east,
some detritus may have been carried along the geo-
syncline by longshore currents, but the volcanics and
probably much of the coarse detrital material were
derived locally from island sources within the eugeo-
synclinal province.

East of the Cordilleran miogeosynclinal belt through
central Nevada and Idaho, carbonate rocks were
deposited in clear warm shallow marine waters of nor-
mal salinity (pl. 11, fig. 1). Most of the deposition was
below wave base, but in southern Nevada and southern
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California blue-green algae in micritic limestone sug-
gest that deposition was in a very shallow subtidal, or
perhaps intertidal, marine environment. Very little
detritus was shed westward from the exposed craton
into the shallow epicontinental sea covering the
eastern parts of these regions. In the Cordilleran
miogeosynclinal belt, mudstone, siltstone, and
sandstone, derived from highly weathered lower
Paleozoic eugeosynclinal and transitional rocks of the
Antler highland, were deposited probably in moderately
deep marine water in troughs in central Idaho, in
northeastern Nevada, and in south-central Nevada.
Elsewhere along the miogeosyncline, limestones appear
to be shallow-water marine deposits. Probable Early
Mississippian volcanic activity is indicated in northern
California. The sparsity of fossiliferous limestone im-
plies that the dominant environments did not support
life. The association of bedded chert, graywacke,
greenstone, dark argillite, and conglomerate with
minor biohermal and reeflike limestone suggests
frequent shifts in water depth in the eugeosyncline.
The limestones may have been fringing reefs
marginal to tectonic or volcanic islands and may
have been deposited in shallow marine water;
whereas the detrital materials may have been
deposited mainly in deeper water and may have been
derived in part from the postulated tectonic and
volcanic islands.

INTERVAL B

Interval B includes rocks that are mostly of Osage
age (pl. 15). In places rocks of Kinderhook age or of
Meramec age have been assigned arbitrarily to interval
B, in other places some rocks of Osage age have been
assigned to either interval A or interval C, and along
the eastern Appalachian basin a combined unit, inter-
val A-B, includes rocks of both Kinderhook and Osage
age undifferentiated. Most of these arbitrary assign-
ments result from the absence of a distinctive rock unit
containing beds exclusively of Osage age.

The marine transgression that began in interval A
time continued during interval B, and the present area
of the conterminous United States was approximately
80 percent covered with marine waters during this
maximum submergence of Mississippian time (pl. 12,
fig. 2). Cross sections showing interval B rocks are on
plates 9-B and 9-E through 9-G.

APPALACHIAN BASIN

Along the eastern margin of the Appalachian basin,
where intervals A and B are not separated, the rocks
are composed of relatively coarse detritus which attains
thicknesses of more than 1,000 feet. The margin of
deposition was probably considerably east of the pres-
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ent extent of these rocks. (Compare pl. 4-A and pl. 10,
fig. 2.) As in interval A, interval B shows a continuation
of deltaic deposition; presumably, the deltas were fed by
streams rising in highlands to the east, which crossed
piedmont hills and narrow, probably swampy, coastal
plains to deposit material in the deltaic environment. In
contrast to interval A, thick sections of interval B rocks
appear to have extended continuously in a narrow belt
from eastern Pennsylvanian as far south as the north-
ern border of Georgia (pl. 10, figs. 1, 2).

To the west in the northern part of the basin, inter-
val B commonly ranges in thickness from 400 to 600
feet and in the southern part of the basin mostly from
100 to 250 feet. Thus, interval B is much thicker than
interval A throughout almost all of the Appalachian
basin region. In east-central West Virginia (Dally,
1956, p. 126) rocks equivalent to interval B are thin and
locally absent, probably as the result of nondeposition
(pl. 10, fig. 2). The original margin of the interval to the
north is not known, but it may have extended into
eastern Canada. To the south the interval may reach a
depositional pinchout (pl. 9-B, sec. i—i') in west-central
Alabama.

In general, the rocks of interval B (pl. 4-B) in-the
northeast portion of the basin are a part of a wedge of
quartzose continental detritus that dominated deposi-
tion during much of intervals A and B. Locally, coaly
shale and coal are intercalated in these coarse-grained
rocks. In parts of eastern West Virginia and western
Virginia, a sequence of shaly red beds interfingers with
and overlies the sandstone facies. In the central part of
the basin, interval B is dominated by a shale and
siltstone facies in contrast to the sandstone facies
which covers much of the northeastern and eastern
parts of the basin. From the Kentucky-Tennessee State
line southward, the southern part of the basin is domi-
nated by cherty limestone.

The relatively fine detrital rocks in the northwestern
part of the basin are mainly the distal marine parts of
the deltas to the east, but some of the material in Ohio
probably had a northern source in the Canadian Shield
(Ver Steeg, 1947). The transition between marine en-
vironments on the west and continental environments
on the east (pl. 11, fig. 2) lies a short distance west of
the boundary between intervals B and A-B (pl. 4;
Pelletier, 1958, p. 1055). Coarse well-sorted detritus in
western Pennsylvania indicates high-energy marine
deposition; whereas to the southwest in eastern Ken-
tucky fine-grained well-laminated detritus indicates
a lower energy tranquil marine environment. The
carbonate rock and chert in the southwestern part of
the basin suggest deposition in a deeper water en-
vironment distant from the shore of the expanding
delta complex.
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MICHIGAN BASIN AND
EASTERN INTERIOR BASIN

Thicknesses of interval B in the Michigan basin
range from about 600 feet in western Michigan to more
than 1,400 feet in northeastern Michigan. In the
Eastern Interior Basin region interval B attains a max-
imum thickness of more than 800 feet in southern Il-
linois and western Kentucky. In Tennessee and central
Kentucky and in Missouri, the interval thins and
averages about 250 feet. The original margins of the in-
terval were well outside these regions (pl. 10, fig. 2).

In the Michigan basin interval B consists almost en-
tirely of detrital materials (pl. 4-B). In the Eastern In-
terior Basin region detrital materials also dominate the
interval through much of southern Illinois and south-
western Indiana, but in the remainder of this region the
interval is mainly cherty carbonate rocks.

Detrital materials in both regions were primarily
derived from the northeast, probably from distant parts
of the Canadian Shield. Detrital rocks in central Ken-
tucky appear to be the distal parts of the deltaic wedges
in the northern Appalachian basin. In interval B, in
contrast to interval A, little detrital material was
derived from the Transcontinental arch or the Wiscon-
sin highland, and no clastic material was provided by
the Ozark uplift. The sea appears to have transgressed
over all, or nearly all, of the Ozark area and probably
also over Cincinnatia as well as the other smaller posi-
tive elements, such as the Nashville dome, that were in-
terpreted as small island areas during interval A time
(pl. 12, figs. 1, 2).

Carbonate rocks (Burlington and Keokuk Lime-
stones) were deposited as shelf deposits in relatively
shallow clear marine conditions through the Ozark
area and to the north in Missouri. East of these carbon-
ate crinoidal bank deposits, deeper water and more tur-
bid conditions existed (Lineback, 1966, p. 13). From the
northeast detrital materials prograded across the
Kankakee and Cincinnati arches and were deposited in
Illinois as a delta (Borden Siltstone). In Indiana and
Kentucky the deltaic deposits advanced along a
relatively even northwest-trending front. In southern
Illinois, western Kentucky, and western Tennessee,
fine-grained siliceous carbonates were deposited and
lapped onto the delta margins. At the end of the inter-
val fine-grained to crinoidal limestones eventually
overlapped earlier deposits throughout the Eastern In-
terior Basin region. Thus, normal marine environments
covered almost all of these regions during interval B
time (pl. 11, fig. 2).

MIDCONTINENT REGION

Interval B is quite thin through most of the midconti-
nent region (pl. 4-A); in only a few places is it thicker
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than 350 feet, and in most of the region it is less than
250 feet thick. In all parts of the midcontinent region,
except in eastern Colorado, the original limit of interval
B deposition is thought to have been well beyond the
present limit of the interval. In eastern Colorado,
Maher and Collins (1949) described a western
shoreward facies consisting mostly of finely granular
glauconitic and very cherty dolomite, and an eastern or
southeastern basinward facies composed of cherty
coarsely crystalline crinoidal limestone interbedded
with some dolomitic limestone, fine-grained sandstone,
and shale. Disconformities at the base of interval B are
recognized in southeastern Iowa (Harris and Parker,
1964), where rocks of late Kinderhook and earliest
Osage age are missing, and are recognized in Kansas,
where the Kinderhook sea withdrew briefly and the
Osage sea progressively transgressed from the south.
Earliest Osage deposits are restricted to southern Kan-
sas and are progressively overlapped by later Osage
deposits to the north.

Interval B of the midcontinent region is dominated
by carbonate rocks (pl. 4-B) that are cherty and
fossiliferous. Only in an east-west belt across central
Arkansas is interval B dominated by detrital rocks.
Here a relatively thin sequence of shale and siltstone
(equivalent to part of the Stanley Shale) is assigned to
interval B.

The carbonate rocks are largely biogenic and reflect
some alternation of high and low energy in the
widespread clear-water normal marine environment
(pl. 11, fig. 2). The belt of fine detrital sediments in
Arkansas is thought to have formed on the northern
slope of the Ouachita trough. The detritus probably was
derived mainly from the northeast, but some may have
come from the southeast and was deposited selectively
in an area of little or no carbonate deposition.

ROCKY MOUNTAINS REGION
AND WILLISTON BASIN

Interval B is about 950 feet thick in central Mon-
tana. Isopachs (pl. 4-A) show a linear east-trending
downwarp, the Central Montana trough, that received
sediments of greater thickness than areas to the north
or south. This trough connected thick sections in the
Cordilleran geosyncline with thick sections in the
Williston basin. In the central part of the Williston
basin in western North Dakota, beds of Osage age are
more than 1,200 feet thick. These rocks are overlain
conformably in this area by beds of Meramec age, and
shelfward thinning is depositional. In eastern North
and South Dakota, however, intervat B is beveled
beneath the post-Mississippian unconformity and thins
regularly to a featheredge to the east and south. In
central South Dakota Osage rocks are absent in a small
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area, which was probably a small island in the
Mississippian sea (Sandberg, 1961, p. 110—111).

In Wyoming, interval B thins irregularly southward.
The thickness exceeds 700 feet locally and is less than
300 feet in an arcuate belt in central and southern
Wyoming. The zero line is highly irregular.

In western Colorado and eastern Utah, interval B
forms a westward-thickening wedge. The rate of
thickening increases fairly constantly westward, and
the rocks reach a maximum thickness of more than
1,300 feet in central Utah. Isopachs terminate abruptly
at the Uncompahgre uplift in western Colorado, in-
dicating that these strata originally were deposited on
the site of the uplift and were removed by later erosion.
However, gradual thinning takes place near the west
margins of the present Front Range in north-central
Colorado, which suggests that this area was emergent
during interval B time. Isolated areas near the
southern margin of the Uncompahgre uplift along the
Utah-Colorado State line, where rocks of this map unit
are missing, are expressions of blocks uplifted in post-
Mississippian time (Baars, 1966). In northern Arizona
interval B thins uniformly from a maximum of over 600
feet near the northwest corner of the State to a zero
line in northeastern Arizona. In north-central New
Mexico the beds assigned here to interval B are irregu-
lar in thickness but reach a maximum of about 125 feet.

The original limit of deposition of interval B in these
regions was well beyond the present extent of the inter-
val except in the Front Range area of central Colorado
and southern Wyoming and in the Defiance-Zuni uplift
area of east-central Arizona and west-central New
Mexico. In these areas preserved interval B probably
approaches a true depositional limit.

Interval B is dominantly carbonate rock and in parts

of the region it contains abundant bedded or nodular

chert. Only locally does the sequence contain enough
argillaceous or sandy material to modify the carbonate
symbol on the lithofacies map (pl. 4-B).

In Montana interval B contains less argillaceous or
fine-grained detrital material than interval A, and
almost pure carbonate was deposited. The rock is
massive to thin-bedded and very finely to coarsely
crystalline. Dolomite and limestone are interlayered
and appear to have been deposited cyclically (Roberts,
1961, p. B294). In the carbonate sequence in southern
Montana (pl. 9-F, secs. O—0' through @—Q") a few
anhydrite beds occur and chert is common, as are oolite
beds, some of which are persistent for miles.

In the Williston basin, lithofacies and thickness
trends seem related. Where the map unit is thick in the
central part of the basin, it is composed of shaly
limestone, but where the unit is thinner on the flanks of
the basin and the shelf areas, it is composed of
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relatively pure carbonate rock. The percentage of
dolomite increases from the center of the basin out-
ward. The increase in dolomite generally coincides with
the presence of carbonate oolite beds. These beds are
most abundant in a roughly circular belt on the flanks
of the basin, are less abundant on the shelf area away
from the basin flanks, and are absent in the central
part of the basin.

In Wyoming, western Colorado, and eastern Utah,
interval B consists primarily of carbonate containing
minor quantities of sandstone or shale. In southeastern
Wyoming, however, a thin basal sandstone composes a
large enough fraction to affect the map patterns (pl. 4-
B). In north-central Utah and southeastern Idaho a
layer of oolitic phosphatic rock occurs in mid-interval B
at the base of the Deseret Limestone at a number of
localities and is thought to represent a continuous
deposit through this area.

In northern Arizona interval B is also carbonate
rock; evaporites are absent and detrital sediment of any
type is very uncommon either in separate layers or mix-
ed with the carbonate (pl. 9-F, sec. I-I"). The only non-
carbonate material is chert, which is mainly limited to
the Thunder Springs Member and to a thin zone near
the top of the Mooney Falls Member of the Redwall
Limestone. This chert occurs as discontinuous and ir-
regular layers, each a few inches thick, separated from
other chert layers by beds of carbonate rock of similar
or somewhat greater thickness.

Interval B in the northwestern corner of New Mexico
is largely a light-brown cherty limestone. In north-
central New Mexico the rocks assigned here to interval
B are characterized by calcarenite with abundant
quartz grains and by chert as a distinguishing minor
constituent.

The only distinct source of detrital material in the
Rocky Mountains region during interval B time appears
to be a source area in southeastern Wyoming and
central Colorado which provided small amounts of sand
to the west, to the northeast, and probably to the south.
The widespread cherty carbonate rocks that dominate
the interval indicate clear-water marine environments
(pl. 11, fig. 2); the rocks are more dolomitic and oolitic
in areas of shallow relatively high energy environ-
ments. The phosphatic shale of interval B in north-
central Utah and southeastern Idaho is considered
(Sheldon, 1964) the product of slow deposition in low
paleolatitude in relatively shallow warm water adjacent
to deep water. Upwelling of cool phosphorus-bearing
currents from the deep water is presumed to be the
source of the phosphate. The occurrence of a few
anhydrite beds in the interval in central and eastern
Montana may indicate periodic restriction of circula-
tion in the cratonic sea.
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GREAT BASIN AND PACIFIC COAST REGIONS

The greatest known thickness of interval B, more
than 2,000 feet, occurs in segments of the Cordilleran
miogeosyncline (pl. 4-A) in central Idaho. A thickness
of more than 2,000 feet is also shown along this trend in
central Nevada, but these rocks may be Meramec in age
and should then be assigned to interval C. (See discus-
sion and alternate isopach maps in pt. I, chap. P.) East
of the miogeosynclinal belt the interval attains
thicknesses of more than 1,000 feet in several relatively
small, isolated basins. The interval is absent in north-
western Utah, and, except as clasts in younger rocks, in
the area of the Antler highland. To the west an
unknown thickness of volcanic rocks may compose in-
terval B in northwestern Nevada, and a part of a
metavolcanic and sedimentary sequence may belong to
interval B in northern California. In the Pacific Coast
region to the north no thicknesses can be assigned
specifically to interval B in rocks that here are con-
sidered to be Mississippian.

Carbonate rock is the dominant rock type in the
eastern part of these regions. Cherty carbonate rock is
widespread in southwestern Utah and southern Nevada
as well as throughout Arizona. Detrital rocks and
carbonate rocks with appreciable detrital content east
of the Antler uplift are restricted. These rocks may be
characterized as dominantly mudstone, some of which
has been altered to phyllite, and minor sandstone and
conglomerate, some of which are in the form of
mudflows. West of the Antler highland the interval is
poorly known; it consists of volcanics interbedded with
limestone, shale, and chert on and adjacent to the high-
land in north-central Nevada. In Oregon and
Washington interval B is unidentified specifically.
Limestone in northeastern Washington might include
rocks of interval B age, and a black argillite sequence
not far from these outcrops might also in part be
Mississippian. The Red Mountain sequence — gray-
wacke, argillite, chert, and mafic volcanic rocks — in
northwestern Washington contains fossils of late
Paleozoic age and also may include rocks of interval B.

In the Great Basin and Pacific Coast regions, as in
the other regions, the original limits of interval B (pl.
10, fig. 2) were probably well beyond present known oc-
currences of the interval except where detrital rocks in-
dicate uplifted source areas — along the Antler high-
land from central Idaho to southern California and in
northwestern Utah adjacent to the Wendover highland.
These detrital sediments probably accumulated close to
the source, and the original margin of interval B deposi-
tion was nearby.

Deposition in a marine environment of normal
salinity dominated most of the Great Basin and Pacific
Coast regions during interval B time (pl. 11, fig. 2), but
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within this broad environment a number of subenviron-
ments can be recognized locally. Exceptions to the nor-
mal marine environment are marginal environments,
perhaps tidal flats, postulated as along southern parts
of the Antler highland, and restricted marine environ-
ments in several deeps east of the Antler highland.

In the restricted marine environment, in central
Idaho, gray and black carbonaceous shale and
mudstone collected in euxenic conditions, a continua-
tion of restricted conditions that started in interval A
time. Where normal marine conditions prevailed,
fossils from limestone lenses in the detrital rocks of the
Webb—Chainman—Diamond Peak trough indicate a
warm shallow-water environment; mudflow conglomer-
ates recognized locally may have been catastrophically
emplaced during earthquake activity. Downwarping of
the troughs seems to have been less than in succeeding
Mississippian intervals and sediment accumulation was
probably slower. Deposition in the Eleana trough took
place under fairly deepwater conditions; convoluted
laminae and graded bedding suggest turbidite deposi-
tion. The great boulders of quartzite and carbonate
rock (Perdido Formation) in southern California can be
interpreted as submarine channel rockslide deposits
formed along the eastern side of the Eleana trough
from a southeastern source (Ridley, 1970). Chert in the
limestone to the east of this trough may have been in-
troduced in part by upwelling of the deep sea waters of
the trough. The relatively thin noncherty limestone in
much of eastern Nevada and western Utah was
deposited in warm shallow marine waters as indicated
by bioclastic textures and the indigenous faunas.

West of the Antler highland, volcanic activity during
interval B time.is less well documented than for other
Mississippian intervals. Although volcanism may have
decreased, normal marine environmental conditions
are thought to have continued from interval A through
interval B, and volcanic islands may have existed in the
eugeosynclinal area.

INTERVAL C

Interval C includes rocks mostly of Meramec age (pl.
15). In a few places arbitrary assignments to or exclu-
sions from interval C have been made. Most of these ar-
bitrary assignments result from the absence of a dis-
tinctive rock unit containing beds exclusively of
Meramec age.

Interval C in general is less widespread than rocks of
previous Mississippian intervals. This restriction is
mainly due to post-interval C erosion, but interval C
also marks the beginning of a major marine regression
from the continental United States. Cross sections of
interval C are shown on plates 9-C, and 9-E through 9-
G.
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APPALACHIAN BASIN

In the Appalachian basin, interval C is thickest in
southwest Virginia where it is more than 2,600 feet
thick (pl. 5-A). In eastern Pennsylvania it is more than
500 feet thick, and at several places in eastern Tenn-
essee and northern Alabama it approaches or exceeds
500 feet locally. In the northwestern part of the basin
the interval is thin, mostly less than 100 feet thick. The
small zero area in east-central West Virginia appears to
be the result of nondeposition during Meramec time
rather than post-Meramec erosion.

In part this thickness distribution reflects the com-
pleteness of interval C. Epeirogenic uplift in North-
eastern United States at the end of Osage time caused
marine withdrawal from the northern part of the Ap-
palachian basin, and marine transgression did not
cover this area again until late interval C time. The
limit of the marine regression at the end of interval B
time was in southwestern Virginia, leaving a more com-
plete marine section of interval C in that area and to
the southwest. Continental deposition was essentially
continuous and complete in eastern Pennsylvania.

The original margin of deposition of interval C (pl.
10, fig. 3) was beyond the present extent of the unit (pl.
5-A) in most of the basin. The irregular margin of inter-
val C in western Pennsylvania and eastern Ohio is in
part depositional but is more the result of pre-Penn-
sylvanian erosion in Pennsylvania and a combination
of pre-Chester and pre-Pennsylvanian erosion in Ohio.
In Tennessee the present zero line is the result of re-
cent erosion; the zero line in northeastern Mississippi is
probably the result of pre-Chester erosion (Welch,
1959).

Sandy red beds accumulated in eastern Penn-
sylvania and locally along the axis of the Appalachian
geosyncline in West Virginia and Virginia (pl. 5-B). A
broad band of calcareous sandstone that grades west
into sandy limestone extends from south-central Penn-
sylvania into northeastern Kentucky. Carbonate strata
covered much of the remainder of the basin. Locally, in
the southern part of the basin the carbonate rock is
cherty.

The red beds in Pennsylvania accumulated
subaerially as alluvial deposits derived from an eastern
source area (pl. 11, fig. 3). The southern and central
parts of the basin were covered by a shallow sea in
which accumulated an interbedded sequence of high-
energy calcarenite and low-energy calcilutite.
Nearshore bar and beach deposits of quartz sand were
deposited at the northern end of the seaway late in in-
terval C time. The presence of a large and varied fauna
in the Meramec sea strongly suggests a mild benign cli-
mate. In contrast, the abundance of red beds in eastern
Pennsylvania suggests that some parts of the eastern

PALEOTECTONIC INVESTIGATIONS OF THE MISSISSIPPIAN SYSTEM IN THE UNITED STATES, PART II

source area might have been relatively arid. A com-
bination of these data suggests a mild warm marine cli-
mate along the seacoast giving way inland to a drier
and more extreme climate.

MICHIGAN BASIN AND
EASTERN INTERIOR BASIN

Interval C shows a greater range of thickness in the
Michigan basin than do preceding intervals because of
the differential erosion that took place in post-
Meramec and pre-Pennsylvanian time. The greatest
thickness of interval C (pl. 5-A), more than 570 feet, ac-
cumulated in the center of the basin. In the Eastern In-
terior basin interval C attains maximum thicknesses of
more than 1,100 feet in southern Illinois and south-
western Indiana. The interval thins gradually to the
northwest and north in Illinois and is mostly less than
200 feet throughout Missouri. Similarly, it thins east-
ward in Kentucky and southward in western Tenn-
essee, but in most of these areas the sections of interval
C are incomplete as a result of recent erosion.

The present extent of interval C (pl. 5-A) nowhere
reaches the original depositional limits. The closest ap-
proaches to original limits probably are in western In-
diana, where the limit of interval C may be close to the
margin of Cincinnatia at this time, and in southwestern
Illinois, where interval C extends close to the margin of
an expanded Ozark uplift (pl. 10, fig. 3).

The lithofacies distribution of interval C (pl. 5-B) in
the Michigan basin is highly diverse in contrast to that
of preceding intervals and reflects the variety of rock
types in the interval (pl. 9-E, secs. B—B’, C—C’) and the
irregularity of the post-interval C erosion surface. In
general, anhydrite and carbonate rocks are most abun-
dant in the western and northern parts of the basin,
and fine detrital sediments are more abundant in the
eastern and southern parts. In contrast, the Eastern In-
terior Basin region is dominated by carbonate rocks.
Detrital rocks are abundant (pl. 5-B) only in central
and western Illinois. Minor amounts of detrital
material in dominantly carbonate sequences occur in
central Kentucky and in local areas on the margin of
interval C in central and east-central Missouri.

The Michigan basin continued to receive detritus
from a northeastern source, the Canadian Shield, dur-
ing much of interval C time (pl. 10, fig. 3). A large num-
ber of individual beds of evaporite were deposited dur-
ing the early part of the interval, and they suggest
restricted access to open marine waters to the south, as
well as the possibility of an arid climate (pl. 11, fig. 3).
To the south in the Eastern Interior Basin region,
deposition was dominantly in shallow marine condi-
tions; turbid waters were prevalent during early
Meramec, and mostly clear water and a higher energy
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environment were prevalent during late Meramec time.
In mid-Meramec time (early St. Louis) deposition of
evaporite beds suggests shallow restricted water condi-
tions in a warm, arid climate. The sparse detrital
materials in interval C may have been derived from the
Wisconsin highlands to the northwest and from the
Michigan basin to the north. Minor detrital contribu-
tions were derived from Cincinnatia and from the
Ozark uplift.

MIDCONTINENT REGION

Interval C is generally less than 200 feet thick
through most of the midcontinent region. Greatest
definitely assigned thickness, about 1,350 feet, occurs
in the Anadarko basin in northern Texas and western
Oklahoma (pl. 5-A). Thick sections extend northward
into the Hugoton embayment of southwestern Kansas
where as much as 850 feet of interval C is recorded.
Isolated thicknesses of about 700 feet also occur
southeastward from the Anadarko basin in Oklahoma,
and probably greater thicknesses occur in the
southeastern corner of the State. Other thicknesses
assigned to interval C are 500 feet in the Ouachita
trough extending east-west across central Arkansas,
more than 400 feet in the Batesville channel in north-
eastern Arkansas, more than 400 feet in westernmost
Texas, and an apparent greater thickening southward
into Mexico.

The present extent of interval C (pl. 5-A) in the mid-
continent region is much less than the interpreted
original extent (pl. 10, fig. 3). By the interpretation in
chapter J and shown on plate 10, Meramec beds are
close to the original limits of interval C in southwestern
and north-central New Mexico, but, by the age assign-
ments of Chapter K, Meramec deposition was probably
more widespread. (See chap. K, fig. 41.) In eastern Col-
orado preserved interval C is near the interpreted
margin of deposition. The present restricted extent of
the interval is largely the result of post-interval C and
pre-Pennsylvanian erosion.

Interval C in two parts of the midcontinent region
contains appreciable quantities of detrital sediment (pl.
5-B). These are in central and southeastern Iowa where
both muddy and sandy rocks were deposited and in
central Arkansas and adjacent southeastern Oklahoma
where mudstone patterns dominate and sandstone also
was deposited but in lesser amounts. Evaporites form
an appreciable part of interval C in a small area in
southeastern Iowa where interval C is relatively thick
and appears to have been deposited in an extension of
the Illinois basin. Carbonate rock is dominant in the re-
mainder of the midcontinent region and is quite cherty
in parts of Iowa and Kansas and in northern Arkansas.

The detrital materials in Iowa are mainly in the
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lower part of interval C and appear to have been
derived from the east and from the north and north-
east. Restricted marine deposition (pl. 11, fig. 3) is indi-
cated by anhydrite and gypsum in the middle part of in-
terval C in southeastern Iowa (pl. 9-C, sec. A—A"). In
central Arkansas (pl. 9-E, secs. F—F’, G—G') and adja-
cent southeastern Oklahoma detrital rocks of interval
C — mudstone, sandstone, and a few tuff beds — are
regarded as largely turbidites formed in relatively deep
marine waters of normal salinity and derived in part
from the northeast but mostly from the southeast. The
volcanic source for the tuffaceous beds is unknown but
is postulated to have been to the southeast (pl. 10,
fig. 3).

A shoal area east of the Anadarko basin appears to
have limited most of the coarse detrital materials to the
Ouachita Mountains area; only minor amounts of mud
were transported into the Anadarko basin, and these
were restricted to the eastern edge of the basin. In
general, the carbonate rocks that dominate the re-
mainder of the region reflect relatively high energy
normal marine deposition and are in large part biogenic
in origin. Silica to form the autochthonous chert in
Kansas and Iowa may have been derived from lowland
areas to the northwest. On the other hand, chert clasts
in interval C of northeastern Oklahoma and north-
western Arkansas were probably derived from nearby
lowland areas to the northeast and north.

ROCKY MOUNTAINS REGION
AND WILLISTON BASIN

In the Williston basin interval C is a lens-shaped body
that is more than 1,300 feet thick in the center of the
basin and thins regularly to the east and south to a
featheredge, but to the west it extends through the
Central Montana trough and attains maximum
thicknesses of more than 700 feet in the trough (pl. 5-
A). The interval is missing in a large area of north-
central Montana and extends only a short distance into
Wyoming. It thickens westward toward Idaho and at-
tains a maximum of 650 feet locally along the Wyom-
ing-Idaho boundary. In northeastern Utah the interval
thickens southwestward to a projected thickness of
almost 1,000 feet; but through the remainder of eastern
Utah and through northwestern Arizona it ranges from
0 to less than 300 feet. Through western Wyoming,
northwestern Colorado, and southeastern Utah the
zero line is quite irregular, and a few isolated occur-
rences of the interval have been identified east of the
zero line. In southeastern Arizona a maximum of
slightly over 200 feet of interval C has been identified in
very limited occurrences. In north-central New Mexico
a maximum of about 50 feet of interval C is shown on
plate 5-A (as described in pt. I, chap. J), whereas alter-
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nate interpretations would assign as much as 130 feet
of beds to interval C in this area (pt. I, chap. K).

Post-interval C and pre-interval D erosion was
widespread in these regions, and the present extent of
interval C (pl. 5-A) is considerably less than the
original extent (pl. 10, fig. 3). The present zero isopach
probably most closely approaches the original limit of
deposition of the interval in northwestern Colorado,
northeastern Arizona, and north-central New Mexico.

The dominant rock type of interval C (pl. 5-B) in
these regions is carbonate rock. Detrital rocks are a
major constituent of the interval only in the trough in
northeastern Utah and are minor constituents in
northwestern Wyoming. Evaporites are abundant in
the Williston basin and in the Central Montana trough,
and they markedly affect the facies patterns. However,
the patterns are complicated by the fact that evaporites
are mostly peripheral to the basin in the lower part of
interval C and mostly in the central part of the basin in
the upper part of interval C (pl. 9-F, secs. 0-0’, P-P/,
Q@-Q". A cumulative thickness of more than 300 feet of
halite alone occurs in the central part of the Williston
basin.

The only conspicuous source of detrital materials
during interval C in these regions appears to have been
in north-central Colorado and southeastern Wyoming
(pl. 10, fig. 3). The detrital materials in the trough in
northeastern Utah and the minor detrital materials in
interval C in northwestern Wyoming were probably
derived from this source area. The evaporites in the
Williston basin and the eastern part of the Central
Montana trough indicate restricted marine conditions
(pl. 11, fig. 3) and abnormal salinity during interval C
time. Restricted marine conditions are also indicated in
northwestern Wyoming where local beds of gypsum and
anhydrite are present. The carbonate rocks which
dominate the interval in the remainder of these regions
appear to have formed in relatively shallow marine
waters of normal salinity.

GREAT BASIN AND
PACIFIC COAST REGIONS

The Cordilleran miogeosynclinal belt shows an in-
crease of mobility during interval C. Troughs contain-
ing thick sections of interval C are greater in number
and in thickness of sediment contained, and areas of
uplift are more numerous than in previous intervals. In
the main miogeosynclinal trend, maximum thicknesses
of 3,000 feet or more are recorded.

Interval C is absent in the Wendover highland, in
northwestern Utah, and it is also absent, or nearly so,
on the Ely arch, a larger elongate area to the south in
eastern Nevada (pl. 5-A). East of these areas are
several areas where interval C is 1,000—1,500 feet
thick. The Antler highland extending from north-
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central to west-central Nevada and into adjacent
California probably received no sediment during inter-
val C time. In the eugeosynclinal belt in northwestern
Nevada along the western margin of the Antler high-
land, interbedded volcanics and limestone are assigned
to interval C. Volcanic rocks in northern California also
probably represent interval C. No meaningful
thicknesses may be assigned to interval C in the Pacific
Northwest.

Present zero lines of the interval probably approxi-
mate the original limits of deposition of the interval
around the Antler highland, Wendover highland, and
Ely arch. Elsewhere, in the Great Basin and Pacific
Coast regions, the interval was probably widespread.

Along the miogeosynclinal belt east of the Antler
aighland in Nevada and California, detrital sediments
are dominant and range in texture from conglomerate
to mudstone (pl. 5-B). In central Idaho detrital sedi-
ments are less widespread than in preceding intervals,
and deposition changed during the interval from domi-
nantly quartzose siltstone and fine-grained sandstone
to a cyclic sequence of coarse- and fine-grained
limestone.

East of the Wendover highland in south-central
Idaho and north-central Utah, interval C is dominantly
sandstone interbedded eastward with increasing pro-
portions of siltstone, shale, and cherty carbonate rock,
and farther east the interval becomes dominantly
dolomite. To the south shale and mudstone dominate
the area around the Ely arch. In southwestern Utah,
southern Nevada, and southeastern California, the in-
terval is limestone. West of the Antler highland, rocks
that are probable or possible interval C contain a typi-
cal eugeosynclinal assemblage: volcanic rocks,
sandstone, shale, limestone, chert, and minor con-
glomerate.

The highly fossiliferous limestone of southwestern
Utah, southern Nevada, and California indicates a
warm subtidal marine shelf environment (pl. 11, fig. 3).
Approaching the miogeosynclinal belt these carbonate
rocks contain appreciable quantities of chert which
may suggest upwelling currents from deep parts of the
geosyncline. These chert concentrations may mark the
eastern limit of basin deposition and the western
margin of the cratonic shelf. The miogeosynclinal
trough segments in Nevada and California contain
detrital materials derived from the Antler highland.
Coarse detritus is limited to a narrow belt along the
highland where it may have been deposited in a series
of coalescing deltas (pl. 11, fig. 3) formed by east-flow-
ing streams of steep gradient. East of the deltas
moderately deepwater deposition prevailed in troughs.
Fine detrital sediments around the Ely arch in eastern
Nevada were probably derived from the Antler high-
land as well as from the Ely arch. Volcanism was
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widespread west of the Antler highland, and the pre-
sence of pillow lavas indicates that at least some
volcanic rocks were formed in submarine conditions.
Limestones associated with the lavas indicate a warm
shallow subtidal marine environment. Detrital material
at the western margin of the Antler highland was prob-
ably derived from the highland. This eugeosynclinal en-
vironment appears to have extended through the entire
Pacific Northwest and may have contained a volcanic
island arc in addition to numerous deepwater troughs
or basins in which volcanic rocks and associated sedi-
ments accumulated.

INTERVAL D

That interval D rocks are the least widespread of any
of the intervals of the Mississippian System is in large
part a result of pre-Pennsylvanian erosion and is a
result of epeirogenic uplift in the central, cratonic part
of the continent and positive orogenic movements in
the geosynclinal belts. Interval D also contrasts with
the previous intervals in that detrital rocks are much
more widespread and abundant.

Interval D contains rocks that are of Chester age, the
youngest provincial series of the Mississippian Period
(pl. 15), although arbitrary assignments and exclusions
have been made in this, as in the earlier, intervals. All
these arbitrary assignments result from the absence of
a distinctive rock unit containing beds exclusively of
Chester age. Cross sections including interval D are
shown on plates 9-D through 9-G.

APPALACHIAN BASIN

In the Appalachian basin interval D is thickest (pl. 6-
A) along the axis of the basin, where it exceeds 4,500
feet in southwest Virginia (Averitt, 1941) and 5,000
feet in the southern part of the Anthracite district of
Pennsylvania (Wood and others, 1962, p. C39). The
strata thin rapidly west of the trough and feather out to
zero along an irregular line from north-central Penn-
sylvania to northeast Kentucky. Local outliers are pres-
ent northwest of the zero line in parts of Kentucky,
Ohio, and Pennsylvania.

Once again, the original margin of deposition of the
interval was well beyond the present limit of preserva-
tion. Continental deposits undoubtedly lay east of the
anthracite basins in Pennsylvania, and the interval
was undoubtedly more extensive in eastern Ohio and
western Pennsylvania. Similarly, in the southern part
of the basin some of the thickest sections, 2,000 feet or
more, of interval D are in the easternmost outcrops,
and originally the interval probably extended a con-
siderable distance to the east and southeast of these.
Much of the present restriction of the interval is due to
Late Mississippian—pre-Pennsylvanian erosion.
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The lower part of interval D is dominated by carbon-
ate rocks in the southern part of the Appalachian geo-
syncline and in the northwestern shelf area (pl. 9-D,
secs. b—b', c—c’,e—e’; pl. 9-E, sec. A—A’). The upper part
of the interval is dominated by detrital rocks. In some
southern parts of the geosyncline these detrital rocks
are so thick that they mask the carbonate component of
the lower part of the interval (pl. 6-B), and on the
northwestern shelf area of Ohio and adjacent States,
the carbonate component dominates mainly because
the upper detrital part has been removed by pre-Penn-
sylvanian erosion. The northeastern part of the Ap-
palachian geosyncline received detrital materials
throughout interval D time.

The major source of interval D detrital rocks was the
borderland lying east and southeast of the geosynclinal
part of the Appalachian basin. Detrital materials in the
southern part of the basin were probably derived from
the southeast (King, 1950, p. G63); however, some
detritus might have been derived from uplifts to the
north, the Nashville dome or the Ozark uplift (Thomas,
1967, p. 8, 9). Detrital rocks in northern Alabama and
Mississippi could also have been transported by the
Michigan River (pl. 12) across the Illinois basin from a
source to the north in the Canadian Shield.

Environments of deposition include a wide variety.
In the northeastern part of the Appalachian basin,
detrital beds are coarse and include red beds that were
deposited under terrigenous conditions in a fluvial
regime on an alluvial plain (pl. 11, fig. 4). To the south
in the geosyncline and over much of the shelf to the
west, the lower part of interval D is dominantly ca-
bonate rock formed mainly in high-energy normal
marine conditions, but interstratified beds of calcilutite
indicate episodes of low-energy marine conditions. In
the southern part of the geosyncline, carbonate deposi-
tion was followed by fluvial deposition of detrital
material as the delta complex extended farther south
along the trough.

MICHIGAN BASIN AND
EASTERN INTERIOR BASIN

No rocks of interval D are recognized in the
Michigan basin. In the Eastern Interior Basin region
interval D is limited to central and western Kentucky,
southwestern Indiana, and southern Illinois, and to a
few isolated erosion remnants in southwestern
Missouri. A maximum thickness of almost 1,400 feet of
interval D (pl. 6-A) occurs in the deepest part of the
basin in southern Illinois.

The original margin of interval D is not known but
is interpreted to have been considerably beyond the
present limits which are a result of post-interval D
erosion. Interval D probably was deposited through
southeastern Iowa, in much of northern Illinois, into
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southern Michigan and through most of Indiana (pl. 10,
fig. 4).

Because of averaging, the lithofacies map (pl. 6-B)
shows that the dominant rock type of interval D in the
Eastern Interior basin is calcareous shale or sandstone.
However, interval D is actually composed of a cyclic
repetition of detrital- and carbonate-dominated units
(pl. 9-D, secs. a—a’, c—c’).

The detrital material was deposited intermittently in
a birds-foot delta by the Michigan River system (pl. 12,
figs. 4A, 4B) which encroached southward into a
shallow marine environment (Swann, 1963). Carbonate
layers probably indicate times of advance of marine
waters and decrease of supply of detrital materials.
Westward-flowing marine currents appear to have car-
ried fine detritus to the western edge of the basin and to
have allowed dominance of carbonate deposition in
clear marine waters in the southeastern part of the
basin. In southeastern Kentucky minor detrital beds in
lower and middle interval D are interpreted as distal
parts of tongues of sediment derived from the Ap-
palachian basin and transported through the Cumber-
land saddle in the Cincinnati arch, but neither Cincin-
natia nor the Nashville dome appears to have been the
sources of detrital material during interval D time. In
late interval D time large amounts of detrital materials
were deposited in eastern Kentucky and transported
through the Cumberland saddle into the Eastern In-
terior basin where they mixed in west-central Ken-
tucky with Michigan River deposits from the north. In
the western part of the Eastern Interior basin some late
interval D detrital rocks probably were derived from
the Transcontinental arch, to the northwest.

The cyclically alternating interval D units reflect
shallow marine, shallow deltaic, and, to a lesser extent,
continental environments. Depth of water has been
calculated as less than 100 feet (Swann, 1964, p.
652—653). Open circulation, normal marine salinity,
high-energy directional currents, agitation, and warm
temperature conditions are reflected by remains of
abundant benthonic organisms, crossbedding of
sandstone, oolitic limestone facies, and widespread dis-
tribution of relatively pure limestone units. Periods of
maximum detrital influx may have been the result of
climatic or tectonic oscillations. Numerous fossilized
wood remains in sandstones, similar to those in Penn-
sylvanian rocks, and discontinuous coaly layers in some
detrital-dominated units suggest forest vegetation in
source areas with humid subtropical or tropical climate.
Red mudstones in many detrital units may reflect
deposition under oxidizing conditions or may represent
transported red soils.
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MIDCONTINENT REGION

Interval D is confined to the southern part of the mid-
continent region (pl. 6-A) and is limited to the major
basins or troughs of interval D time and immediately
adjacent areas. In the Ouachita geosyncline in Arkan-
sas, rocks assigned to interval D are more than 5,000
feet thick; farther southwest along the trough, in
central Texas, thicknesses in excess of 5,000 and 6,000
feet are recorded. In the Anadarko basin of western
Oklahoma interval D is more than 1,700 and possibly
almost 2,500 feet thick, and in the Delaware basin in
west Texas it is almost 2,000 feet thick. The present
limits of the interval are restricted from the original
depositional margin (pl. 10, fig. 4). Isolated erosion rem-
nants and sinkhole fillings of interval D rocks occur in
southwestern Missouri and southeastern Kansas, north
of the continuous interval D in Arkansas and
Oklahoma, and provide an indication of the areal
restriction of interval D by later erosion.

In the midcontinent region, as in other regions,
detrital rocks are a conspicuous part of interval D.
Shale or mudstone dominates in the Quachita geo-
syncline from Arkansas to western Texas and in the
Delaware basin in west Texas. Sandstone is a minor
component in the geosyncline in Arkansas. To the west,
both sandstone and mudstone pinch out in the eastern
part of the Anadarko basin, and carbonate rock is the
dominant lithofacies through most of the basin.
Carbonate rock also dominates in thin shelf areas in
Texas and forms a shelf margin belt that extends east-
west across Arkansas north of the Quachita geo-
syncline.

Detrital sediments that reflect northerly sources are
present in part of northwestern Arkansas, in a small
area of northeastern Arkansas, and in the Hugoton em-
bayment of Kansas and the adjacent part of Colorado.
These sources are the Ozark uplift, the Michigan River
and Eastern Illinois basin, and the Transcontinental
arch, respectively. Such cratonic detrital deposits as
well as the associated carbonate facies were mainly
deposited in shallow-water marine environments.
Detrital rocks in the Ouachita geosyncline appear to
have been derived from the Eastern Interior basin and
from a source south and southeast of the Arkansas part
of the trough and probably were transported the length
of the geosyncline, through southeastern Oklahoma
and Texas, by turbidity currents. Currents were strong
enough to spread some of the fine detrital material
westward into the eastern part of the Anadarko basin
and onto the cratonic shelf areas bordering the
Ouachita geosyncline.




HISTORY OF THE MISSISSIPPIAN SYSTEM — AN INTERPRETIVE SUMMARY

ROCKY MOUNTAINS REGION
AND WILLISTON BASIN

Interval D has a maximum thickness of more than
1,100 feet in the Central Montana trough and is more
than 600 feet thick along most of its length (pl. 6-A).
Both north and south of the trough, interval D is cut out
by Late Mississippian or Early Pennsylvanian erosion.
In the Williston basin, interval D is also of limited ex-
tent. It has a maximum thickness of 700 feet in eastern
Montana and western North Dakota. In the Dakotas in-
terval D is limited by a pre-Pennsylvanian erosion sur-
face, and overlying Pennsylvanian beds are more ex-
tensive than are the rocks assigned to interval D. On
the northern and eastern margin of the basin the inter-
val is overlain by Jurassic rocks, and the beveling may
be the result of erosion at one or several times between
Late Mississippian and Jurassic time.

In western and central Wyoming the rocks assigned
to interval D (the Darwin Sandstone Member of the
Amsden Formation) have a maximum thickness of
more than 200 feet but are considerably less than 100
feet thick over much of the area. The irregular thick-
ness and extent reflect in part the uneven karst surface
of interval C on which interval D was deposited. In
northeastern Utah the interval has a maximum thick-
ness of more than 800 feet, and it fills a westward-
plunging trough; north of the Uinta Mountains it has a
recorded thickness of more than 600 feet. The interval
thins rapidly to an irregular erosional margin in
eastern Utah and northwestern Colorado. A maximum
of only 6!/, feet of rocks of Chester age was measured in
the Grand Canyon area of northern Arizona and is in-
terpreted as an isolated erosion remnant preserved
beneath the pre-Pennsylvanian unconformity.

Interval D was originally more widespread (pl. 10,
fig. 4) than it is now; present restricted distribution is a
result of post-Mississippian erosion. The present limits,
however, probably are not very far from the original
limits, except east of the Williston basin and in north-
ern Arizona and southern Utah where the interval
probably was considerably more extensive.

In the northern part of the Rocky Mountains region,
the lithology of interval D contrasts markedly with pre-
ceding Mississippian intervals in that detrital material
is dominant and carbonate rock is a relatively minor
constituent (pl. 9-F, secs. 0—0’, P-P’, @—Q"). The in-
terval is more shaly toward the centers of the Williston
basin and the Central Montana trough and more sandy
toward the margins (pl. 6-B), reflecting the preserva-
tion of the younger more shaly beds in the central areas
from post-Mississippian erosion.

In western Wyoming beds assigned here to interval
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D (Darwin Sandstone Member of the Amsden Forma-
tion) are entirely sandstone, and the unit is remarkably
homogeneous throughout its extent. In northeastern
Utah the facies pattern is related to the shape of the
trough in which the rocks were deposited. Muddy
carbonate in the central part grades into mudstone on
the margins of the trough and into muddy sandstone
near the eastern end of the trough. In southeastern
Arizona and southwestern New Mexico the few rem-
nants of interval D are dominantly carbonate rock.

The main sources of the detrital sediments in the
northern part of the Rocky Mountains region and
Williston basin appear to be the exposed Transconti-
nental arch to the east (pl. 10, fig. 4). Some detritus in
the Central Montana trough may have been derived
from land areas to the north and south. Alternation of
normal marine sediments and brackish water clastics
and evaporites indicates that the strandline with its
several associated marginal environments (lagoonal,
tidal flat, and coastal plain) repeatedly advanced and
retreated across these areas (pl. 11, fig. 4). The overall
history of interval D in Montana and the Dakotas,
however, is one of marine transgression and regression;
marine advance was greatest in late interval D time,
and the interval terminated with a major regression of
the strandline. The sandstone of interval D in western
and central Wyoming is considered to be an estuarine
or marine embayment deposit covering and filling the
karst topography developed on underlying interval C
rocks. In northeastern Utah detrital material was
derived from an area in north-central Colorado and
southeastern Wyoming, a segment of the Transconti-
nental arch which appears to have been exposed to ero-
sion throughout Mississippian time. The isolated rem-
nants of limestone in Arizona indicate a marine ad-
vance across at least part of Arizona, but little can be
inferred of the original extent of the sea.

GREAT BASIN AND
PACIFIC COAST REGIONS

Interval D is more than 2,500 feet thick in the
Webb—Chainman—Diamond Peak segment of the Cor-
dilleran miogeosyncline, and it is commonly 1,500 to
2,000 feet thick along the trough. The greatest

- thicknesses, more than 4,000 feet, are assigned to inter-

val D in central Idaho in the miogeosyncline and in
northwestern Utah in the Oquirrh basin. The interval
is absent from a small area in the Wendover highland,
of northwestern Utah, and is thin, about 1,000 feet
thick, along a belt extending from southern Idaho into
east-central Nevada. This relatively thin belt separates
the Webb—Chainman—Diamond Peak trough from the
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Oquirrh basin. In southeastern Nevada and south-
western Utah the interval is generally less than 1,500
feet thick, and it pinches out to the east of those areas.
Interval D is absent on the Antler highland, largely as a
result of nondeposition, and from a part of northeastern
Nevada, where it was removed by later erosion. To the
south the interval probably originally extended beyond
the southern tip of Nevada and through much of
southern California (pl. 10, fig. 4), but the exact position
of the restored zero line is not known. Interval D has
not been identified with certainty west of the Antler
highland; however, thick sections in north-central and
northwestern Nevada and northern California proba-
bly contain beds that are of interval D age.

Coarse detrital rocks compose interval D (pl. 6-B) in
the miogeosynclinal belt of northern and central
Nevada east of the Antler highland. These grade rather
uniformly eastward into fine-grained detrital rocks and
finally into carbonate rocks in the Oquirrh basin in
northwestern Utah. No coarse detrital rocks are pres-
ent to the north in central Idaho nor to the south in
southern Nevada and California. Instead, the rocks in
the miogeosynclinal belt are fine-grained detrital rocks
that grade eastward in Idaho and southeastward in
southern Nevada and California into carbonate rocks.
Immediately west of the Antler highland, volcanic
rocks of interval D age have not been identified. Possi-
bly, they were present there, however, for eugeo-
synclinal, dominantly volcanoclastic rocks, probably
belonging to interval D, are found in northern Califor-
nia.

The coarse detrital rocks of the miogeosynclinal belt
in Nevada were derived from lower Paleozoic rocks ex-
posed on the Antler highland (pl. 10, fig. 4), and they
were deposited as deltas marginal to the normal marine
environment (pl. 11, fig. 4) that extended to the eastern
margin of the region where carbonate deposition pre-
vailed. Marine deposition of the detrital rocks may have
been partly by turbidity currents and submarine slides.
The fine-grained detrital rocks in the miogeosynclinal
belt in central Idaho and in southern Nevada and adja-
cent California also were derived from the Antler high-
land. A diverse fauna in the limestones indicates a
warm climate during interval D time. Little evidence of
sources or environments of deposition is available from
the eugeosynclinal belt. Volcanoclastic rocks in north-
ern California indicate some volcanic action; it is
presumed that marine deposition was widespread (pl.
11, fig. 4) and that some detrital material was derived
from the Antler highland to the east (pl. 10, fig. 4).
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RELATION OF MISSISSIPPIAN SYSTEM TO
OVERLYING ROCKS

Throughout the United States east of the Mississippi
River, Mississippian rocks are overlain by rocks of
Early Pennsylvanian (Morrow) age (pl. 8) with the
following exceptions: in western Illinois Middle Penn-
sylvanian (Atoka and Des Moines) rocks rest on
Mississippian, in a small area in western Michigan
rocks of Jurassic age rest on Mississippian, and in a
narrow belt extending along the margin of the present
Mississippi embayment from southern Illinois through
western Kentucky and Tennessee to northeastern
Mississippi, Cretaceous rocks rest on Mississippian
rocks.

Inasmuch as Lower Pennsylvanian rocks are resting
on uppermost Mississippian rocks (Chester — interval
D) through much of the eastern part of the country, the
time gap between the systems appears slight. The con-
tact, however, is conformable only in a narrow belt
along the eastern and southern margins of the Ap-
palachian basin region. West and north of this narrow
belt, the contact. is a disconformity of increasing mag-
nitude, and through northwestern Pennsylvania,
eastern Ohio, and the Eastern Interior Basin and
Michigan Basin regions, the surface shows moderate to
great amounts of erosion and is marked in most places
by sand-filled scour channels.

In the midcontinent region west of the Mississippi
River, virtually continuous sedimentation took place
across the systemic boundary in the QOuachita geo-
syncline from Arkansas to west Texas and in the
Anadarko basin of western Oklahoma. In these areas
rocks of Early Pennsylvanian (Morrow) age rest confor-
mably on Mississippian interval D (pl. 8). However,
throughout most of the midcontinent region rocks of
Early or Middle Pennsylvanian age rest disconformably
on Mississippian rocks; in narrow belts in eastern
Arkansas and eastern Texas, the Mississippian is over-
lain by Mesozoic and younger rocks as a result of Penn-
sylvanian folding, uplift, and subsequent erosion; along
the northern margin of Mississippian rocks in Iowa, a
belt of Cretaceous and Quaternary rocks rests on
Mississippian as a result of removal of Pennsylvanian
beds by pre-Cretaceous erosion, and later removal from
part of the belt of the Cretaceous by pre-Pleistocene
erosion.

In general the magnitude of the disconformity at the
top of the Mississippian increases to the north and
northwest in the midcontinent region. In some areas
the base of the Pennsylvanian is marked by a unit of
coarse or reworked material.
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In the Rocky Mountains region and Williston basin
Lower Pennsylvanian (Morrow) rocks rest on Mississip-
pian rocks except in limited areas — mainly near the
margins of the Mississippian rocks or in areas of
localized structures. Thus, Jurassic rocks rest on the
Mississippian through northern Montana and North
Dakota and along the eastern part of the Williston
basin in central North and South Dakota. Along a nar-
row belt at the eastern edge of the Williston basin, Cre-
taceous rocks rest on the Mississippian. Farther south
rocks of Middle and Late Pennsylvanian age rest locally
on Mississippian in the vicinity of the Black Hills, S.
Dak., and around the ancestral Frontrange and Un-
compahgre uplifts in southeastern Wyoming and
central and western Colorado. In much of southeastern
Utah and the southwestern corner of Colorado, Middle
Pennsylvanian rocks overlie the Mississippian.

The systemic boundary is a disconformity of differ-
ing magnitude throughout the Rocky Mountains region
and Williston basin. The least time value of the discon-
formity is in the central part of the Central Montana
trough where the lower part (Morrow age) of the Penn-
sylvanian Amsden Formation rests on the upper part of
the Mississippian Big Snowy Group of late Chester age.
Elsewhere in these regions, the magnitude of the dis-
conformity is greater, largely as a result of pre-Penn-
sylvanian erosion and removal of upper parts of the
Mississippian but also as a result of overlap of younger
Pennsylvanian rocks beyond oldest Pennsylvanian
rocks in limited areas around the margin of Missigsip-
pian rocks.

Through much of the Great Basin region east of the
Antler highland deposition appears to have been con-
tinuous from Mississippian into Pennsylvanian time. In
central Idaho and much of eastern Nevada and western
Utah, beds of early Pennsylvanian (Morrow) age rest in
apparent conformity on beds of late Chester age.
Locally, along the eastern margin of the Antler high-
land in Nevada and adjacent California, Middle and Up-
per Pennsylvanian, Permian, and Cenozoic rocks rest
on the Mississippian. These overlapping relations indi-
cate intermittent and irregular post-Mississippian
uplift and erosion along the eastern edge of the Antler
highland. Similar instability and uplift and erosion
seem to have occurred along the border of the craton in
southern Nevada and California and along the border
of the Wendover highland in northwestern Utah where
Middle Pennsylvanian or Permian rocks rest on
Mississippian.

Continuous deposition may have taken place across
the systemic boundary in areas away from the Antler
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highland in the eugeosynclinal belt: in northern
California, central Oregon, and northwestern Wash-
ington. Close to the west margin of the Antler highland,
in northwestern Nevada, a disconformity is indicated
where Mississippian is overlain by Middle Pennsylva-
nian or Permian rocks and suggests an instability simi-
lar to that noted along the eastern margin of the Antler
highland.
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PALEONTOLOGICAL ZONATION OF THE MISSISSIPPIAN SYSTEM

By J. T. DUTRO, JR., MACKENZIE GORDON, JR., and J. W. HUDDLE

INTRODUCTION

This chapter summarizes the zonation of the
Mississippian rocks of the United States by means of
three groups of fossils useful for this purpose. Dutro
was responsible for information on the brachiopods,
Gordon for that on ammonoids, and Huddle on cono-
donts. The authors’ names are listed above in
alphabetical order and coincide with their specialties in
generally accepted taxonomic order. The charts pre-
pared for each of these groups also provide information
on zonation by foraminifers and by corals, which are
discussed briefly in the text.

Until relatively recently, biostratigraphic zonation of
the Mississippian in the United States was based
mainly on megafaunal studies. For nearly 100 years,
from the latter half of the 1800’s into the 1950’s,
brachiopods were the major faunal element analyzed,
largely a matter of convenience because they are
among the more common and widely distributed of the
larger fossils. Corals and bryozoans were studied to a
lesser extent, as were molluscs and trilobites. A great
many echinoderms were described, especially in the
1800’s, but their stratigraphic utility is limited some-
what by facies control.

Goniatites were early recognized for their value in
interregional and international correlations (Hyatt
1883, 1893). Although not as frequently found as some
other fossils, goniatite-rich sequences were sought out
and used as standards in developing a general
stratigraphic framework. Unfortunately, for these pur-
poses, classic sequences and type of the Mississippian in
the northern midcontinent have yielded few goniatites.
The nearest goniatite-rich area is in Arkansas and
Oklahoma, and cephalopod zonation developed there
must be correlated, in a roundabout fashion, with the
type region of the Mississippian to the north (Gordon,
1964b).

Only relatively recently have microfossil studies

been applied to biostratigraphic problems in the
Mississippian. Early conodont work (Branson and
Mehl, 1933, Cooper, 1939, Hass, 1947) was limited by a
lack of worldwide study, and correlations with Western
Europe were refined only in the last 10—15 years.

Foraminifera were studied in some detail by Zeller
(1950, 1957) but biostratigraphic refinement came
about mainly through the work of Russian
micropaleontologists (Rauzer-Chernousova and others,
1948). In the last few years, a refined biostratigraphic
framework for North America has been detailed by
Mamet in several papers (Sando and others, 1969;
Mamet and Skipp, 1971; Mamet and others, 1971).
Mamet’s zonal scheme is used in this chapter as a stan-
dard against which to plot biostratigraphic data of the
other faunal groups.

The first general faunal zonation of the standard
Mississippian sequence was outlined by Stuart Weller
in 1926. Although not specifically defined, his outline
was mainly a sequence of assemblage zones based on
the extensive collecting by him and his associates over
a period of nearly 20 years in the classical and type
Mississippian region. Weller’s table is reproduced here
(fig. 83) to show the ranges of some of the taxa that he
used in his zonation. He listed and discussed 14 zones, 2
of which were designated as subzones. His discussions
of the distribution of many forms indicate that he un-
derstood well the ideas of acmes, range zones, and oc-
currence zones. As can be seen by comparing figure 83
with the following discussion, there is a certain amount
of overlap in Weller’s zonal scheme. This overlap is to
be expected when total ranges are taken into account.
Weller’s zonation was adopted, with only slight
modification, in the Mississippian correlation chart (J.
M. Weller and others, 1948) to show the range of guide
fossils in the type region.

The following list of Weller’s zones, with annota-
tions, serves as a basis for understanding subsequent
modifications adopted in this chapter.
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I11. Zone of “Productus crawfordsvillensis.” —
Weller stated that this is actually a subzone of Zone
IT and that it has a limited geographic distribution

Chester Series

[Midd [ Upper
et cnberer
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Productus magnus E assemblage, whose namebearer is now assigned to
Brachythyris subcardiiformis the genus Marginirugus, is widespread in the lower
Litheatration sanadensis T part of the Warsaw Limestone. Other species that
Platycrinus penicillus T

occur with this large productoid are “Spirifer”
washingtonensis, Syringothyris subcuspidatus, and
“Aviculopecten” amplus.

Zone of “Brachythyris subcardiiformis.” — This
species, recently made the type species of a new
genus Skelidorygma (Carter, 1974), is highly
characteristic of the Salem fauna, although its
total range is not limited to the Salem Limestone.
An associated, but less common, species is
“Spirifer” lateralis.

Zone of “Lithostrotion canadensis.” — This cor-

Pugnoides offumwa

Talaroerinus
Cystodictya |abiosa
Camarophoria explanata
Pterofocrinus capitalis u

V.

Euphemus randolphensis =
Pterotocrinus acutus
Pterotocrinus bifurcatus
Prismopora serratula

Sulcatopinna missouriensis
Pentremites fohsi

FI1GURE 83. — Ranges of some taxa that Stuart Weller used to con- VL.

struct the zonal scheme. Reprinted from Weller (1926, table 1).

I. Zone of “Leptaena analoga.” — Weller pointed out
that this species, now assigned to the genus Lep-
tagonia, is simply a name bearer for the
assemblage zone that encompasses the Kin-
derhook. The species itself ranges upward into the
lowermost Burlington Limestone. Some of the for-
mations of supposed Mississippian age below the
Chouteau Limestone are now considered to be
Devonian; therefore, the stratigraphic scope of this
zone is considerably reduced from Weller’s concep-
tion and, indeed, from that shown on the Mississip-
pian correlation chart.

II. Zone of “Spirifer grimesi-logani.” — This zone
ranges through the Osage Series, although early
representatives of the Spirifer lineage are found in
latest Kinderhook beds. Spirifer rowleyi occurs in
the Fern Glen Limestone and correlative forma-
tions; Spirifer grimesi is characteristic of the
Burlington Limestone; and Spirifer logani is found
in the Keokuk Limestone. Weller pointed out that
many echinoderm subzones occur in this interval,
but they are not readily recognizable beyond the
type region of the Mississippian. Other species of
Spirifer are known to occur in younger strata in
other parts of the country. These include Spirifer
arkansanus in the Meramec of the Arkansas-
Oklahoma area and Spirifer brazerianus in Chester
equivalents in the Northern Rocky Mountains pro-
vince.

al, now assigned to Lithostrotionella, is common in
rocks of the St. Louis Limestone although its total
range is somewhat longer. It is known in rocks of
late Salem age as well.

VII. Zone of “Platycrinus penicillus.” — One of the

more widespread faunas in the midcontinent, this
zone also is characterized by Pugnoides ottumwa.
This assemblage zone in the Ste. Genevieve
Limestone also is marked by the “Lithostrotion”
harmodites subzone in its upper part. This coral
species is now known as Siphonodendron
genevievensis.

VIII. Zone of “Talarocrinus.” — This crinoid genus,

IX.

with a single exception, is known only from the
lower Chester. Talarocrinus has its acme in the
Renault Formation.

Zone of “Cystodictya labiosa.” — This zone is es-
sentially coextensive with the Talarocrinus Zone,
except that the bryozoan has its acme in the Paint
Creek Limestone. The two zones of Weller should
be considered as a single assemblage zone in the
lower Chester. Weller pointed out that neither
form is known to exist above the Paint Creek
Limestone.

X. Zone of “Camarophoria explanata.” — As Weller

clearly indicated, this zone differs from all others
in his scheme in that it is a total range zone, of
modern usage. It extends through the middle and
upper Chester and includes what he considered
four lesser zones. It is not considered significant in
a composite assemblage zonal scheme for the
Mississippian.
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XI. Zone of ‘‘Pterotocrinus capitalis.”” — This
assemblage from the lower part of the Golconda
Formation was considered by Weller to be the most
prolific and widespread in the entire Chester
Series. The Golconda contains numerous brach-
iopods, bryozoans, and pentremites, of which many
species are restricted to this formation; par-
ticularly characteristic are the mollusks “Euphem-
us” randolphensis and “Nucula” platynotus.

XII. Zone of “Pterotocrinus acutua” and “P. bifur-
catus.” — This is the Glen Dean fauna which in-
cludes, among a number of distinctive forms, Arch-
imedes laxa, Prismopora serratula, Pentremites
brevis, and Pentremites spicatus. Although the
bryozoans have longer ranges, they reach their
acme in this zone; and the two blastoids are ap-
parently restricted to this horizon.

XIII. Zone of “Sulcatopinna missouriensis.” — This
assemblage zone encompasses the upper Chester
and has a number of local subzones. Associated
forms include Composita subquadrata and a num-
ber of other brachiopods, bryozoans, and blastoids.

X1IV. Zone of ‘“Pentremites fohsi.” — This is a
subzone of the Sulcatopinna Zone and is apparently
restricted to the lower part of the Menard
Limestone. Among other associated species, Weller
particularly mentioned Pterotocrinus menardensis.

To recapitulate, Weller’s scheme includes 10
assemblage zones for the type region of the Mississip-
pian. Two of the zones he characterized as subzones;
two are here combined to form the Talarocrinus-
Cystodictya Zone; and the Camarophoria explanata
Range Zone is set aside because of its different nature.

A detailed zonation of the Kinderhook and pre-
Keokuk part of the Osage was presented by Laudon
(1931, 1933) and summarized by Moore (1948). While
some of these units can be recognized beyond the Iowa
area where they were proposed, Weller’s more general
assemblage zonation retains its practicality for regional
use in the midcontinent, as indicated by Moore. Moore’s
summary of the zonation (1948, fig. 2) is reproduced in
figure 84 to show the relationship of Laudon’s and
Weller’s biostratigraphic schemes.

FORAMINIFERAL ZONATION

The distributions of conodonts, brachiopods, and
mollusks are plotted against a foraminiferal zonation
that was proposed and documented by Mamet and
others in a series of papers published during the last 10
years. The most complete documentation of that zona-
tion is in Mamet and Skipp (1971).

409
CORAL ZONATION

As was pointed out in the introduction, corals were
early used as zonal indicators in the Meramec part of
the sequence. However, because of their relative rarity
in older and younger beds, they were seldom used in
other parts of the Mississippian. Exceptions are the two
zones shown in figure 84 (Moore, 1948) for the Gilmore
City (upper part) and Fern Glen Limestones.

In 1951, Parks proposed a zonation based on coral
distribution in the Upper Mississippian of northern
Utah. Subsequently, Sando and Dutro initiated a study
of megafaunal distribution in the Madison Group and
equivalent strata in the Northern Rocky Mountains
region and developed a series of zones in which corals
play a leading role. The history of that study, together
with a complete zonal scheme, is fully presented in San-
do and others (1969).

The two Waverlyan coral zones of Moore (1948) are
correlated with the C, Zone of Sando, although that
zone apparently has a greater stratigraphic range in
the Northern Rocky Mountains region than in the mid-
continent. Corals at this level were discussed in some
detail by Bowsher (1961) and significance of distribu-
tions was summarized by Sando (1969).

Relationships of these megafaunal zones to the zona-
tions and ranges of the conodonts, brachiopods, and
mollusks discussed in this paper are indicated in the
charts. For fuller details concerning occurrences,
ranges, and biostratigraphic usefulness, see Sando and
others (1969).

BRACHIOPOD ZONATION

As was natural for a paleontologist who specialized
in the group, Weller heavily weighted his zonation
toward brachiopods, especially in the lower part of the
Mississippian. Chester faunas reflect increasing en-
demism that developed within the midcontinent em-
bayment in the latter half of Mississippian. Therefore,
any modern synthesis of brachiopod distribution and
biostratigraphic zonation must lean heavily on infor-
mation from other regions. Specifically, the Arkansas-
Oklahoma area and the Northern Rocky Mountains
region provide supplemental data that are essential to
such a compilation.

Stratigraphic distributions in terms of generic and
specific ranges are shown in figure 85. Ranges are
drawn from several regions and cannot be considered
applicable in all areas of Mississippian outcrop. Modern
generic names are used where revisions have been
made. For this compilation, a number of sources have
been used. Chief among these are the works on
Mississippian brachiopods by Weller (1900, 1909, 1914),
Mackenzie Gordon’s analysis of the evolution of the
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FIGURE 84. — Paleontological zones in American Mississippian rocks. The stratigraphic classifica-
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The stratigraphic classification at left is based on Van Tuyl, Laudon, and Moore. Paleontological
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Reprinted from Moore (1948, fig. 2).

Productidae (1971a) and stratigraphic summaries by
Gordon (1971b, 1962), studies of Early Mississippian
faunas by Carter (1967, 1968, 1971, 1972), and work in
the northern Rocky Mountains by Dutro (1963a, b; in
Sando and others, 1969).

BRACHIOPOD ASSEMBLAGE ZONES

The following seven brachiopod assemblage zones,
particularly the lower four zones, are similar to those

used by Weller and others. The genera and species con-
sidered significant are those shown in figure 85. There
are, of course, many other species in the total
brachiopod fauna at any stratigraphic level, but full
documentation of these brachiopod faunas is not the
purpose of this study. The reader is referred to the tax-
onomic literature for details; a good introduction to this
vast amount of material is given by Carter and Carter
(1970).
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Leptagonia Assemblage Zone.— This zone encom-
passes the Lower Carboniferous part of the original
Kinderhook Group. For practical purposes it includes
the Hannibal Shale and Chouteau Limestone and their
correlatives. The base of the Mississippian is discussed
further in the section on conodonts. In terms of the se-
quence in the Kinderhook type area, the contact is ap-
proximately the base of the Hannibal Shale or Mec-
Craney Limestone or English River Formation, as dis-
cussed by Straka (1968, fig. 5). Two subzones are indi-
cated: (1) the Paraphorhynchus Subzone that includes
the faunas of the Hannibal equivalents, and (2) the
Rhytiophora Subzone for the Chouteau and equivalent
faunas.

Spirifer grimesi-logani Assemblage Zone. — This
zone, which coincides with Osagean Stage, is almost
precisely as defined and used by Weller.

Brachythyris subcardiiformis Assemblage Zone. —
This zone is a combination of two of Weller’s zones and
his “Productus magnus” zone is here considered a
subzone — the Marginirugus Subzone. As indicated in
figure 85, the upper part of this zone is missing in many
parts of the Western United States.

Marginicinctus Assemblage Zone. — This new
brachiopod zone includes, essentially, the fauna of the
St. Louis Limestone and equivalent strata. This is the
“Lithostrotion canadensis” Zone of Weller and is, for all
practical purposes, correlative to Mamet’s Foramini-
feral Zones 13-14.

The remaining Upper Mississippian zones are named
from taxa that are not found in the type region of the
Chester. Most of Weller’s original zones in the Chester
were based on fossils other than brachiopods. In addi-
tion, Weller stated that only the faunas in the
limestones were useful for zonation purposes. Conse-
quently, most of those zones, while useful in the mid-
continent, are actually highly endemic facies-controlled
occurrence zones that have little application on an in-
terregional scale.

Striatifera Assemblage Zone. — This fauna charac-
terizes strata correlative with the Ste. Genevieve
Limestone in western North America. It is approx-
imately correlative with Mamet’s Zones 15 and early
16,, The name-bearing genus is commonly found
together with many brachiopod species and charac-
teristic coral genera.

Spirifer brazerianus Assemblage Zone. — This zone
includes the faunas in strata equivalent to Mamet’s
Zones 16, (late)—18 (early) in the northern Great
Basin, Idaho, western Wyoming, and southwestern
Montana.

Rhipidomella nevadensis Assemblage Zone. — This
zone, proposed by Sadlick (1955) in the Great Basin of
Utah and Nevada, includes Mississippian faunas in
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beds of late Zone 18 and Zone 19 age. Most of the inter-
val is missing in the type Chester, but it is commonly
present in the Big Snowy Group, lower part of the
Amsden Formation, lower part of the Ely Limestone,
and equivalent strata in many parts of Nevada, Utah,
Idaho, western Wyoming, and Montana (Gordon,
1971b).

The Mississippian-Pennsylvanian boundary is
difficult to place in western sequences. For the purposes
of this study, it is considered to be the boundary be-
tween Foraminiferal Zones 19 and 20. Although its
placement is not easy to determine on the basis of
brachiopods, Gordon (1971b) placed the boundary be-
tween his Rhipidomella nevadensis and Rugoclostus
assemblages in the Ely Limestone of the Diamond Peak
area, Nevada. Similar relationships are noted in several
of the western areas.

AMMONOID ZONATION

Approximately 45 genera of ammonoids are known
in the Mississippian rocks of the United States. Because
most of them have relatively short stratigraphic ranges
and are widely dispersed geographically, they are
useful as guide fossils. Their usefulness, however, is
partly limited by their normal restriction to a Culm
facies habitat — predominantly of dark-gray shales
and limestones —or to a molluscan limestone facies.
They are generally absent in limestone sequences that
contain coral-brachiopod faunas. They are inclined to
sporadic distribution in pockets and in limestone con-
cretions, but they occur locally in some abundance.
Mississippian ammonoids have been found in about
half of the 50 States. The stratigraphic distribution of
the Mississippian ammonoid genera in the United
States is shown in figure 86.

In Europe, ammonoids have provided the main basis,
during the last 50 years, for subdividing the Car-
boniferous into a number of zones and stages. The two
principal zonal schemes are those of Bisat (1924), based
on the Carboniferous section in the north of England,
and of Schmidt (1925), based on the sequence in
western Germany; both are shown in figure 86. Most of
the major European zones of late Visean and Early
Namurian age can be recognized in the Upper

Mississippian of the United States, represented by re-

lated species and, in some places, by the same species.
Some important European genera are absent, most
notably Homoceras and related genera. Lower
Mississippian ammonoid occurrences do not seem to
equate with the European succession, except in a broad
general way.

A zonal scheme for the American Mississippian,
based on ammonoids, has been a relatively recent
development in comparison to that in Europe, and part
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of it is still in a state of flux. Perhaps the earliest desig--

nation of a formal ammonoid zone in the Mississippian
was that of Kindle (1899, p. 100), who proposed the
Muensteroceras oweni Zone to include the fauna of the
Rockford Limestone of Indiana, which he regarded as
the lowest Eocarboniferous fauna in Indiana and Ken-
tucky, equivalent stratigraphically to part of the
Marshall Sandstone of Michigan. Smith (1903, p. 18, 27,
114, pl. 2), supporting a concept of interregional zona-
tion, proposed the zone of Aganides rotatorius to include
the Rockford ammonoids and a similar fauna in the Up-
per Tournaisian of Belgium; he also suggested extend-
ing the Goniatites striatus Zone of Europe to the United
States to include the fauna of the “St. Louis-Chester
Stage”. These proposals, however, have not been
followed in recent years.

In connection with the Mississippian correlation
chart of the Geological Society of America (J. M. Weller
and others, 1948), Miller (1947b; in J. M. Weller and
others, 1948) proposed that three principal goniatite
zones be recognized in the United States: (1) a zone of
Protocanites equating approximately with the Kin-
derhook Series, (2) a zone of Beyrichoceras, approx-
imately with the Osage Series, and (3) a zone of
Goniatites, with the Meramec and part of the Chester
Series. In more recent years, a fourth broad zone, of
Eumorphoceras, adopted from the British zonal
scheme, has been added above the Goniatites Zone by
cephalopod specialists.

Although the British recognize an extensive
Beyrichoceras Zone below that of the Goniatites, or
Posidonia (P, and P;) Zone, the genus Beyrichoceras is
rare in the Western Hemisphere. At the time Miller
proposed his Beyrichoceras Zone, he had just described
the first specimen of this genus ever found in the
United States (Miller, 1947a). It came from beds of the
Boone Formation of Missouri that Miller believed were
of Burlington age, but Gordon (1964b, p. 13, 14) sug-
gested a late Keokuk or early Warsaw age for the chert
that contained this fossil. Gordon (1957) has also
described several specimens of Beyrichoceras from the
latest Meramec in northern Alaska. The name
Beyrichoceras Zone, therefore, seems inappropriate as a
broad term for the ammonoid faunas found in the
Osage Series. We are substituting for it the name
Merocanites Zone.

In summary, it seems reasonable to divide the
Mississippian ammonoid faunas into four megazones,
each denominated by a characteristic genus. In ascend-
ing order, these are the Protocanites, Merocanites,
Goniatites, and Eumorphoceras megazones. Although
these approach being range zones, there is some pres-
ent uncertainty as to limits of ranges and some overlap;
so it is more correct to consider them broad assemblage
zones.
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ZONATION PROBLEMS

Some limitations of the stratigraphic and geographic
distribution of the Mississippian ammonoids have com-
plicated the task of erecting a series of zones that would
serve the entire United States and equate with the
European succession. A virtual absence of ammonoids
exists at three levels: in rocks of early Kinderhook, late
Osage-early Meramec, and latest Chester ages. Euro-
pean equivalents of the lowest and highest of these in-
tervals are replete with ammonoid faunas, but the mid-
dle one is likewise poorly represented in Europe.

During Mississippian time, moreover, the Transcon-
tinental arch extended, peninsulalike, southwestward
from the Canadian Shield (fig. 87), dividing the shallow
shelf seas of the eastern and western parts of the
craton. Although some migration of faunas was possi-
ble around the southern end of the arch, which was
relatively unstable, at certain times migration was
greatly impeded and considerably different groups of
species developed within the same zone at either side of
the arch. This fact led Gordon (1970) to recognize two
partly different sets of zones: one for the Great Basin
region, characterized by sections in western Utah, and
the other for the Southern Midcontinent region, based
on sections in northern Arkansas (Gordon, 1964b). The
location of these two ammonoid zonal sequences is
shown in figure 87, which also shows in simplified form
the principal structural regions and the areas of
greatest encroachment of the Mississippian seas.

STANDARD AMERICAN ZONES

The standard zones shown in figure 86 are, for the
‘most part, well established and are based on well-
known faunas. These zones can stand alone, but they
ican also be considered subdivisions of the generic
megazones, each name-bearing species belonging in, or
very closely related to, the genus that gives its name to
the megazone.

Local zonal hierarchies and their relation to the for-
mations are shown also for the Arkansas and Utah sec-
tions. Several of these local zones differ in name from
the standard zones, where the genera are represented
by species other than those of the standard zone and a
precise correlation has not yet been demonstrated.

PROTOCANITES MEGAZONE

This zone occupies much of the Kinderhook Series,
as well as the lower part of the Osage Series. The lower
boundary is uncertain, but it is assumed to lie at or near
the base of the Mississippian, by analogy to the Lower
Carboniferous section in northwestern Europe. In the
Mississippi Valley the Louisiana Limestone of Missouri
used to be considered Early Carboniferous in age. This
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Gordon, Jr., 1974)

was mainly because it contains an ammonoid described
originally as Goniatites louisianensis, based on im-
mature shells; this species was referred to Protocanites
by Schmidt (1925, p. 537). More recently, G. louisianen-
sis has been shown to represent the early stages of an
Imitoceras, an ammonoid genus that ranges from the
Late Devonian through much of the Early Mississip-
pian (Furnish and Manger, 1973, p. 19, 20). The Loui-
siana Limestone is now classified as very late Devonian
in age by conodont workers. So far as we now know, no
ammonoids occur in the lower part of the Kinderhook
Series.

PROTOCANITES LYONI ZONE

In the United States Protocanites makes its earliest
appearance in the upper part of the Kinderhook. Am-
monoids are common locally in this part of the Kin-
derhook Series and in the lower part of the Osage
Series, within the range zone of Protocanites lyoni. Ap-
proximately 30 species have been described from these
beds. Ammonoids of this zone are typically developed in
the Chouteau Limestone of Missouri, concerning which
Miller and Collinson (1951, p. 458) have stated, in part:

the ammonoids of the Chouteau are part of an early Lower Car-
boniferous fauna that is essentially worldwide in its distribution. The
most diagnostic and widespread species of this fauna is Protocanites

lyoni, nowhere abundant but almost invariably associated with
numerous specimens of Imitoceras and Muensteroceras. Other ubi-
quitous genera such as Gattendorfia and Pericyclus occur
sporadically in this zone.

It might be argued as to whether formal proposal of
an ammonoid zone was intended by this statement, but
it defines clearly the Protocanites lyoni Zone cited by
Gordon (1964b, p. 72; 1970, p. 818) and employed in the
same sense. It has recently been established, however,
that this zone straddles the Kinderhook-Osage bounda-
ry (Manger, 1978).

That part of the Protocanites lyoni Zone within the
Kinderhook Series is characterized by predominance of
Imitoceras and the presence of Karagandoceras and
Prodromites. The last two genera are, however, not par-
ticularly common and have not been found in the
Western United States. Species typical of this part of
the zone occur in the Chouteau Limestone of Missouri
(Miller and Collinson, 1951), the Rockford Limestone of
Indiana (Gutschick and Treckman, 1957), and what is
now known as the Wassonville Limestone of Iowa
(Smith, 1903, p. 36, 39). These include: Imitoceras dis-
coidale, I. jessieae, I. lentiforme, Gattendorfia alteri, G.
aff. G. bransoni, G. mehli, Intoceras osagense, Am-
monellipsites (Pericyclus) blairi, Protocanites lyoni, and
Prodromites gorbyi.
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The Northview Shale of southwestern Missouri has a’
slightly different fauna (Miller and Collinson, 1951):
Imitoceras brevilobatum, I. rugilobatum, Gattendorfia
minisculum, Muensteroceras medium, Ammonellipsites
(Pericyclus) cf. A. (P.) blairi, Protocanites gurleyi, and P.
lyoni. The presence of Muensteroceras is considered
unusual in Kinderhook ammonoid assemblages
(Manger, oral commun., 1975).

The upper part of the Cuyahoga Shale of Ohio con-
tains Imitoceras sciotoense, Kazakhstania colubrella,
and one species each of Gattendorfia, Karagandoceras,
and Muensteroceras (Manger, oral commun., 1975). The
overlying Berne and Byer Members of the Logan For-
mation have yielded Imitoceras sciotoense,
Kazakhstania colubrella, Gattendorfia andrewsi,
Karagandoceras bradfordi, and Protocanites lyoni
(Hyde, 1953; Manger, 1971, p. 34). All three units are
regarded as late Kinderhook in age.

Strata of Kinderhook age from the Western United
States have yielded additional ammonoids, principally
Gattendorfia and Ammonellipsites (Pericyclus). From
the Caballero Formation of south-central New Mexico,
Miller and Youngquist (1947) have described Gatten-
dorfia bransoni and Pericyclus cf. P. blairi. At least two
species of Ammonellipsites (Pericyclus) are represented
in connections from this formation in the U.S. National
Museum. In the basal Lodgepole Limestone in the Little
Rocky Mountains in north-central Montana Imitoceras,
Gattendorfia, Ammonellipsites (Pericyclus), and a form
having nodose umbilical shoulders resembling Ham-
matocyclus are present. Accompanying conodonts iden-
tified by Huddle (written commun., 1970) are late Kin-
derhook forms.

The early Osage part of the Protocanites lyoni Zone is
characterized by an abundance of the genus
Muensteroceras and absence of Karagandoceras and
Prodromites. The Rockford goniatite fauna, repre-
sented in the collections of many museums, is now
known to have come from the basal part of the New
Providence Shale (Manger, oral commun., 1975), which
overlies the Rockford Limestone in Indiana. It includes
the following ammonoids: Imitoceras rotatorium,
Muensteroceras oweni, M. parallelum, and Protocanites
lyoni. These ammonoid-bearing beds are early Osage in
age and the ammonoids do not belong in the Kin-
derhook Series as previously believed. Rockford fauna
ammonoids have been figured by J. E. and B. M. Conkin
(1975, p. 51, 51, pl. 3) from northwestern Tennessee in
what they have identified as the Jacobs Chapel Shale, a
phase of the Rockford Limestone.

A related fauna believed to represent approximately
the same zone was described from the Walls Ferry
Limestone of Arkansas by Gordon (1964b) and referred
to the local Muensteroceras arkansanum Zone, named
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for its most abundant species. This fauna included
Muensteroceras collinsoni, M. arkansanum, Imitoceras
sinuatum, and Protocanites cf. P. lyoni, as well as forms
referred to Gattendorfia, Ammonellipsites (Pericyclus),
and Irinoceras. (See Weyer, 1972, p. 338, 341.) Cono-
donts from the Walls Ferry Limestone were studied by
Thompson and Fellows (1969, p. 76, 2-3, 224) and deter-
mined to be of early Osage age.

Judging in part from their stratigraphic position, the
occurrence of Muensteroceras eshbaughi in the Fern
Glen Limestone of Missouri (Miller, Downs, and Young-
quist, 1949, p. 604) and M. pfefferae from the same for-
mation and in the St. Joe Limestone Member of the
Boone Formation in Missouri (Miller and Werner, 1942;
Miller and Collinson, 1952) probably represent the up-
per part of the Protocanites lyoni Zone.

Isolated occurrences of Protocanites lyoni, as
recorded in the Price Formation of Virginia (A. K.
Miller, 1936, p. 70) and from an unnamed shale in
northeastern Nevada (Furnish, Miller, and Youngquist,
1955, p. 186) need reassessment by means of associated
fossils to determine which part of the Protocanites lyoni
Zone is represented.

MEROCANITES MEGAZONE

The recorded occurrences of Merocanites in the
United States are all in Osage rocks, and most seem to
be in the lower part of this series. In Europe, however,
this genus ranges upward into beds that probably are
equivalent to the lower part of the Meramec Series. No
formal zones have been proposed within this megazone,
partly because most of the ammonoid occurrences are
isolated, and generally limited to one or at most two
species. About 20 species are known in this megazone.

The most varied cephalopod fauna attributable to
this megazone is found in the Michigan basin
(Winchell, 1862, 1865, 1870; Miller and Garner, 1955).
It occurs in the Marshall Sandstone and, in part, in the
underlying Coldwater Shale. Associated with
Merocanites houghtoni and M. (Michiganites)
marshallensis are Imitoceras rotatorium, Gattendorfia
andrewsi, G. stummi, G.? shumardiana, Irinoceras
romingeri, Kazakhstania americana, Muensteroceras
oweni, M. pergibbosum, M.? pygmaeum, and
Winchelloceras allei. In this area, however, the genus
Merocanites seems to have a very limited range within
the Marshall Sandstone. As the stratigraphic position
of the Michigan Lower Mississippian ammonoid-bear-
ing beds is not known in terms of the standard Osage
section of the Mississippi Valley, it would appear pre-
mature to base a standard zone on the Michigan se-
quence.

Isolated species that belong also in this megazone in-
clude Merocanites drostei from the Brodhead Forma-
tion of Kentucky (Collinson, 1955), M.? greenei and
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Gattendorfia brownensis from the Knobstone Group of
Indiana (S. A. Miller, 1892, p. 700; 1894, p. 330), Am-
monellipsites (Stenocyclus) ballardensis from the
Grand Falls Chert Member of the Boone Formation in
Kansas (Gordon, 1964b, p. 174), A. (Fascipericyclus)
polaris from pre-Kogruk shale in Alaska (Gordon, 1957,
p. 33), and M. mitchelli and M. rowleyi from the
Burlington Limestone of Iowa (A. K. Miller, 1935;
Miller and Furnish, 1958).

Whether the unique occurrence of Beyrichoceras
hornerae, in chert probably derived from the upper part
of the Boone Formation in Missouri (Miller, 1947a),
belongs in this megazone cannot be determined at pres-
ent. The occurrence seems to be well below the first ap-
pearance of Goniatites in the section and may be within
the range zone of Merocanites.

GONIATITES MEGAZONE

The Goniatites zone, as at present known, begins in
the upper part of the Salem Limestone of the Mississip-
pi Valley and continues upward through the Golconda
Formation. It thus includes about two-thirds of the
Meramec Series and the lower third of the Chester
Series. Goniatites and Prolecanites are characteristic
genera of this megazone. Its top approximates the Vi-
séan-Namurian boundary of Europe. The upper half is
well developed, but much of the lower half is missing in
the Arkansas and Utah sequences. Three standard
zones are recognized within this megazone, one in the
Meramec Series and two in the Chester. More than 35
species of ammonoids are known from this megazone.

An ammonoid assemblage typified by Goniatites
greencastlensis occurs near Greencastle, Ind. As the
stratigraphic relations of the rocks containing this
fauna are incompletely understood, no formal zone has
been proposed, even though the fauna is clearly
Meramec in age and resembles those of the upper
Beyrichoceras (B,) Zone of the British Carboniferous
section (Gordon, 1964b, p. 78). Early records referred
these beds to the “St. Louis (Meramec) Group” (Miller
and Gurley, 1896), and later ones (Miller and Garner,
1953), to the Salem Limestone. Collinson (1955, p. 437)
and Gordon (1964b, p. 78, 79) have suggested that the
fossils may have come from the oolitic Ste. Genevieve
Limestone that encircles Greencastle, and this has
been confirmed by Knapp (1965), who has studied the
fauna. The ammonoids include Bollandites sp.,
Goniatites greencastlensis, and Prolecanites americanus
and occur with several nautiloids.

Recently, a similar though presumably earlier fauna
has been found at the south edge of Bedford, Ind., at the
top of the Salem Limestone; Gordon has examined
material collected by Jack Donahue. The total thick-
ness of the rocks containing these ammonoids is not
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known. Further studies will be necessary before it can
be determined if the goniatites from the upper part of
the Salem Limestone should be included in a zone with
the Goniatites greencastlensis fauna.

GONIATITES AMERICANUS ZONE

The zone was proposed by Gordon (1970, p. 818, 821),
and the type locality in Utah was later elaborated by
him (Gordon, 1971c, p. C39). The thickness of strata
containing ammonoids of this zone at the type locality
was given as 55 feet, but more recent fieldwork in 1974
indicates that it exceeds 80 feet. The Utah fauna is not
yet described in full, but G. americanus occurs with En-
togonites borealis and species of Girtyoceras,
Dimorphoceras, and Prolecanites.

In northern Alaska, the G. americanus fauna occurs
in the black chert and shale member of the Alapah
Limestone in association with Zone 15 foraminifers
(Armstrong and Mamet, 1977). Beyrichoceras
micronotum, Bollandites bowsheri, Goniatites
americanus, Girtyoceras arcticum, G. endicottense, En-
togonites borealis, and Dimorphoceras algens are typi-
cal northern representatives of this zone. Also, from
isolated Alaskan outcrops, possibly belonging in this
zone, are Bollandites killigwae, B. cf. B. sulcatus,
Goniatites crenistria, and Pronorites sp. (Gordon, 1957).

The G. americanus Zone also has been recognized,
mainly through the presence of the species for which it
was named in the Caney Shale of Oklahoma and the
Moorefield Formation of Arkansas (Gordon, 1971c, p.
C40, C41) and more recently from specimens found by
U.S. Geological Survey geologists in the Diamond Peak
Formation of east-central Nevada (where the am-
monoids are associated locally with Moorefield-like
brachiopods of late Meramec age and, rarely, with cor-
als of the Faberophyllum (F) Zone, and in the lower part
of the Paradise Formation in southwestern New Mex-
ico).

GONIATITES MULTILIRATUS ZONE

This zone is approximately 50 feet thick in the sec-
tion at Moorefield, Ark. It is also recognized in the
lower part of the Caney Shale in southeastern
Oklahoma and in the Chainman Shale in Nevada and
Utah (Gordon, 1970, p. 821). Characteristic species are
Goniatites multiliratus and Girtyoceras meslerianum.
This zone correlates with the upper part of the lower
Posidonia (P;) Zone of the British Carboniferous sec-
tion. It probably equates with the sandstone containing
Goniatites sphaericostriatus (described as G. cf. G.
sphaericus by Gordon, 1957, p. 45, 46) in the eastern De
Long Mountains, Alaska, and the beds in the Alapah
Limestone that yielded Sudeticeras alaskae (Gordon,
1957); these are believed to lie within foraminiferal
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Zone 16i of very early Chester age, according to Mamet
and Armstrong (1975).

GONIATITES GRANOSUS ZONE

The upper Posidonia (P;) Zone of Great Britain,
which is equivalent to the Goy Zone of Germany, is also
known as the Goniatites granosus Zone. Under this
name it has been recognized in many parts of the
United States (Gordon, 1957, p. 47, 49; 1964b, p. 72, 73;
1970, p. 818, 821). In northern Arkansas it includes the
Ruddell Shale Member, Batesville Sandstone, and,
locally, the lower part of the Fayetteville Shale. The
zone reaches a maximum thickness of approximately
400 feet in the vicinity of Batesville, where it was
divided by Gordon (1964b, p. 72, 73) into four subzones
on the basis of species he assigned to Neoglyphioceras:
N. newsomi, N. subcirculare, N. caneyanum, and N.
crebriliratum, in ascending order. Elsewhere, it is thin-
ner, and the subzones have not been distinguished.

Ammonoids of this zone have been described in the
Calico Bluff Formation of Alaska (Gordon, 1957), the
Chainman Shale of Utah (Miller, Youngquist, and
Neilsen, 1952), the Caney Shale of Oklahoma (Girty,
1909; Gordon, 1962, 1964b), the Barnett Formation of
Texas (Miller and Youngquist, 1948), the Floyd Shale of
Georgia (Miller and Furnish, 1940, p. 366 —-369; Allen
and Lester, 1954 fide Drahovzal, 1972, p. 35), the Pride
Mountain Formation of Alabama (Drahovzal, 1972, p.
34, 35), and from an unknown formation near Crab
Orchard, Ky. (Miller, 1889; Miller and Faber, 1892;
Drahovzal, 1972, p. 34).

Characteristic ammonoids of this zone include
Goniatites choctawensis, G. granosus, Lusitanites sub-
circularis, Neoglyphioceras caneyanum, N. cloudi, N.
cloudi utahense, N. crebriliratum, N. hyatti, N. georgien-
sis, N. newsomi, Ferganoceras elegans, Girtyoceras
limatum, G. ornatissimum, Glyphiolobus pseudo-
discrepans, G. edwini, and Pronorites baconi. Probably
representing this zone in the Beech Creek Limestone of
Illinois is Neoglyphioceras hartmani (Furnish and
Saunders, 1971).

Drahovzal (1972, p. 23) has also listed Cravenoceras
scotti, Paracravenoceras ozarkense, and Paradimorpho-
ceras wiswellense from the Ruddell Shale Member, but
as these are species previously believed to be confined
to the overlying Tumulites varians Zone and as no par-
ticulars of the occurrence have been provided, this con-
siderable extension of range downward must be
regarded as tentative.

EUMORPHOCERAS MEGAZONE

The beds referred to this zone in the United States
begin where the Goniatites granosus fauna is replaced
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abruptly in ascending sequence by a fauna in which
Cravenoceras and Paracravenoceras are the dominant
genera. The zone extends upward to include the highest
occurrences of Eumorphoceras. This megazone thus
roughly approximates the range zone of
Eumorphoceras. Stratigraphically lower occurrences of
Cravenoceras and Paracravenoceras have been reported
in the United States (Ruzhencev and Bogoslovskaya,
1971, p. 42, footnote; Drahovzal, 1972, p. 23) but not yet
documented. Several species of Cravenoceras are
likewise associated with ammonoids related to the
Goniatites granosus fauna in the U.S.S.R. (Ruzhencev
and Bogoslovskaya, 1971). Moreover, the genera
Goniatites, Lusitanites, Neoglyphioceras, and Gir-
tyoceras range upward from the Goniatites megazone
some few tens of feet into the Eumorphoceras
megazone locally in the United States (Miller and
Youngquist, 1948, p. 652, 656; Gordon, 1964b;
Drahovzal, 1972; Drahovzal and Quinn, 1972). So there
exists some overlap of genera at either side of the lower
contact of the zone.

This megazone is divided into two major standard
zones that correspond to the lower Eumorphoceras (E,)
and the upper Eumorphoceras (E;) Zones of northwest
Europe. Some 50 species of ammonoids are known in
the megazone.

TUMULITES VARIANS ZONE

This zone was proposed by Gordon (1964b, p. 73)
under the name Eumorphoceras milleri Zone, but a
delay in the publication of Gordon’s report resulted in
prior publication of the name-bearing species as
Tumaulites varians McCaleb, Quinn, and Furnish (1964,
p. 30). Gordon (1970, p. 818) therefore changed the
name of the zone to conform. In Arkansas this zone is
present in the Fayetteville Shale; at Marshall, Searcy
County, where the formation is approximately 300 feet
thick, it extends from the bottom to the top of this for-
mation. At other Arkansas localities it begins a few feet
to a few tens of feet above the base of the Fayetteville.

Ammonoids of this zone include Cluthoceras glicki,
C.? pisiforme, Cravenoceras fayettevillae, C. incisum, C.
lineolatum, C. scotti, Paracravenoceras ozarkense,
Fayettevillea planorbis, Girtyoceras jasperense,
Eumorphoceras plummeri, Tumulites varians, Arcanites
furnishi, Trizonoceras typicale, and Metadimorphoceras
wiswellense. Ammonoids from this zone have been
described also from the Caney Shale (Girty, 1909) and
the Goddard Shale (Elias, 1952) of Oklahoma, and from
the upper part of the Barnett Formation of Texas
(Miller and Youngquist, 1948). This zone is well
developed in the Great Basin, where it reaches a thick-
ness slightly in excess of 400 feet in western Utah. Gor-
don (1970, p. 821) gave it the local name Paracraveno-
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ceras barnettense Zone based on the one common
species. Present also are Cravenoceras kingi,
Eumorphoceras plummeri, and ? Tumulites varians. An
interesting feature of this zone is the presence of
aulococerid coleoid cephalopods in both Arkansas and
Utah (Flower and Gordon, 1959).

EUMORPHOCERAS BISULCATUM ZONE

Bisat (1924, p. 41, 48) cited the E. bisulcatum and
Nuculoceras nuculum zones as typifying the upper part
of the Eumorphoceras Zone in the north of England. In
more recent years, E. bisulcatum has been recognized
as the name-bearing species of the lowest subzone (E,a)
of the upper Eumorphoceras (E,) Zone in northwest
Europe (Ramsbottom, 1969).

Nuculoceras is unknown in the United States, but
Eumorphoceras bisulcatum, described originally from
the Caney Shale of Oklahoma, is distributed widely. In
the United States this species is the name bearer for
the zone that is generally equivalent to the upper
Eumorphoceras (E,) Zone of England (Gordon, 1964b, p.
74, 75). Gordon recognized three subzones in Arkansas,
based on species he assigned to Cravenoceras. In a later
paper (Gordon, 1970), these were treated as zones, and
equivalent beds in the Chainman Shale in Utah and
Nevada were divided into two zones. A separate ter-
minology for the West and the midcontinent was
regarded as necessary because the ammonoid faunas
are somewhat different on either side of the Transcon-
tinental arch.

In Arkansas this zone occurs in the Pitkin
Limestone and in the overlying Peyton Creek Beds at
the base of the Cane Hill Formation (Imo Shale of Gor-
don, 1964b). Gordon found ammonoids in only the mid-
dle and upper parts of the Pitkin, but recently some
have been discovered in the lower part (Taylor, 1973).
Those in the middle and upper parts of the Pitkin
belong in the Cravenoceras richardsonianum Subzone
(or Zone of Gordon, 1970, p. 819) and include Craveno-
ceras (Richardsonites), richardsonianum, Eumorph-
oceras bisulcatum, and E. girtyi. In the topmost shale
member of the Pitkin, Cravenoceras (Stenoglaphyrites)
involutum is locally abundant and characteristic of the
Cravenoceras involutum Subzone (or Zone) of Gordon
(1964b, p. 79; 1970, p. 819).

The largest and best preserved fauna within this
zone comes from the Peyton Creek Beds and occupies
approximately the lowermost 100 feet of the Cane Hill
Formation. Species of the Cravenoceras miseri Subzone
(or Zone) include C. miseri, C. bransoni, C.

(Richardsonites) mapesi, Fayettevillea friscoensis,
Somoholites cadiconiformis, Syngastrioceras imprimis,
Delepinoceras bressoni, Metadimorphoceras saundersi,
Eumorphoceras richardsoni, E. imoense, Peytonoceras
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ornatum, and Anthracoceras paucilobum. This fauna
occurs also in the Rhoda Creek Formation of Oklahoma
(McCaleb, and others, 1964; Gordon, 1964b; Saunders,
1966, 1971, 1973).

In the Great Basin, the two subzones (or zones)
recognized are those of Cravenoceras hesperium below
and C. merriami above. C. hesperium continues upward
into the C. merriami Subzone but is subordinate to it in
the upper subzone. The C. hesperium Subzone is present
in the upper member of the Great Blue Limestone of
Utah, the Chainman Shale of Utah and Nevada, the
Diamond Peak Formation and Indian Springs Forma-
tion (Webster and Lane, 1967) of Nevada, and the Per-
dido Formation of California. The following species are
known from it: Cravenoceras hesperium, C. inyoense, C.
nevadense, Fayettevillea n. sp., Delepinoceras califor-
nicum, Proshumardites sp., Arcanoceras macallisters,
Eumorphoceras paucinodum, E. aff. E. bisulcatum,
Anthracoceras colubrellus, and Glyphiolobus humph-
reyi (Miller and Furnish, 1940; Youngquist, 1949a, b;
Gordon, 1964b). Cravenoceras hesperium has also been
found in the Heath Shale of Montana (Easton, 1962, p.
102).

The Cravenoceras merriami Subzone (or Zone) occurs
in the Manning Canyon Shale of Utah, Chainman Shale
of Utah and Nevada, the Diamond Peak, Indian
Springs, and Eleana Formations of Nevada, and the
Rest Spring Shale of California. Its species include:
Richardsonites merriami, C. hesperium, Cravenocera-
toides cf. C. nititoides, Syngastrioceras walkeri
(? Somoholites cadiconiformis fide Saunders, 1971),
Eumorphoceras bisulcatum, Dombarocanites masoni,
and other forms (Youngquist, 1949a, b; Gordon, 1964b,
Webster and Lane, 1967).

The upper several hundred feet of Mississippian
rocks in the Great Basin contains predominantly
brachiopod faunas. Only a few scraps of goniatites have
been found, most of which are not positively identifia-
ble; they resemble, however, shells in the C. merriami
Subzone, rather than those of missing European zones.
The Nuculoceras nuculum (E,c) Subzone of the upper
Eumorphoceras (E;) Zone and the entire Homoceras
(H) Zone are not represented in the United States, but
the presence locally of beds of that age is indicated by
the occurrence of Zone 19 foraminifers.

CONODONT ZONATION

Mississippian conodont zonation in North America
was summarized by Collinson, Rexroad, and Thompson
(1970). Since 1970 additional information about the
Devonian-Mississippian boundary and the conodont
zones near the boundary has been published by Klapper
(1971), and Sandberg, Streel, and Scott (1972), Dunn
(1970a, b), Lane, Sanderson, and Verville (1972), and
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Lane and Straka (1974) have contributed information
about the Late Mississippian conodont zones and the
Mississippian-Pennsylvanian boundary. Little new in-
formation about Meramec and Chester conodont zona-
tion has been published. This summary is based pri-
marily on the above mentioned papers supplemented by
unpublished reports on collections referred for study.
Figure 88 is modified from figure 7 of Sando, Mamet,
and Dutro (1969), which provided a base for correlation
with megafaunal and foraminiferal zones.

No worldwide conodont zonation has been accepted.
Three regional zonations are used: (1) the earliest, a
zonation for Germany, was proposed by Bischoff (1957)
and modified by Voges (1959, 1960) and Meischner
(1970), (2) a different zonation was proposed for North
America, Mississippi Valley, by Collinson, Scott, and
Rexroad (1962), and (3) a British zonation was pro-
posed by Rhodes, Austin, and Druce (1969). The Euro-
pean zonations are applicable to the Mississippian in
North America only in a general way. The German
zonation in part has been applied in the Cordilleran
region by Sandberg and Klapper (1967), but the Collin-
son, Scott, and Rexroad (1962) zonation has been more
generally used in the United States. Thompson and
Fellows (1969), however, have modified the zones in the
Early Mississippian. The relationship of the various
zonal schemes is shown in figure 2 and table 1 of Collin-
son, Rexroad, and Thompson (1970).

All the Mississippian zonations proposed are useful
locally. There is evidence that the ranges of some
species, especially species of Gnathodus, are different in
North America and Europe. Some of the zones proposed
are assemblage zones, some are acme or abundance
zones, others are range zones, and still others are based
on the presence of one species and the absence of
another. The last is a questionable practice for inter-
continental zonation when geographic and ecologic
ranges of the species are not known. The zonation used
in this summary (fig. 88) is more general than those
used previously for local areas. It recognizes five
assemblage zones: the Siphonodella, Bactrognathus,
Taphrognathus, Cavusgnathus, and Adetognathus
unicornis Zones. The Siphonodella Zone is also an abun-
dance zone, the Bactrognathus Zone a range zone, and
the Taphrognathus, Cavusgnathus, and-Adetognathus
Zones apparently represent an evolutionary lineage.

The Devonian-Carboniferous boundary in Europe
and the Devonian-Mississippian boundary in North
America have long been under discussion. The history
of the problem in Europe was reviewed by Austin,
Druce, Rhodes, and Williams (1970). The problem in
the United States was reviewed by Collinson, Rexroad,
and Thompson (1971) who recommended that the
boundary in the standard section be drawn at or near
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the base of the Hannibal Shale, but that the base of the
“Glen Park Limestone” be used. Sandberg, Streel, and
Scott (1972, p. 183) reported that Siphonodella sulcata
occurs in the base of the Hannibal and “Glen Park”
Formations and they regard the two formations as
facies equivalents. A Devonian-Mississippian boundary
at the base of the Hannibal Shale is justified mainly by
conodont zonation, but the boundary seems to agree
with other evidence and is generally acceptable. This
boundary is the base of the Siphonodella sulcata Zone of
Sandberg, Streel, and Scott (1972) and includes the
Protognathodus kuehni—P. kockelli Zone of Collinson,
Rexroad, and Thompson (1971).

The base of the Mississippian, defined as the base of
the Hannibal Shale in the Mississippi Valley section,
probably corresponds to the base of the Carboniferous
in Europe. There the base of the Lower Carboniferous is
placed at the base of the Gattendorfia Zone
(cephalopods) and this coincides with the base of the
Siphonodella sulcata Zone. The presence of a similar se-
quence of conodont zones in the Late Devonian and
Early Carboniferous in many parts of the world tends to
confirm the opinion that the base of the Mississippian,
as here designated, is the same horizon as the base of
the Carboniferous. Detailed evidence for this correla-
tion is given by Sandberg, Streel, and Scott (1972), and
the correlation by conodont zonation is strengthened by
spore zones in the Late Devonian.

MISSISSIPPIAN CONODONT ZONES

SIPHONODELLA ASSEMBLAGE ZONE

The Siphonodella Assemblage Zone is characterized
by an abundance of the following genera: Siphonodella,
Polygnathus, Spathognathodus, and Pseudopoly-
gnathus. Elictognathus and Dinodus are present in
many places. Of these, only Elictognathus and Dinodus
are confined to the zone, and their ranges represent a
shorter interval than the Siphonodella Zone. Protog-
nathodus ranges from the Late Devonian into the
Mississippian Siphonodella Zone, and Gnathodus ap-
pears in the zone and is common in the upper part of
the zone. The lower boundary of the zone is placed at
the first appearance of Siphonodella sulcata and the
upper boundary is marked by the disappearance of
abundant siphonodellas and, perhaps, their extinction.
Several species of Pseudopolygnathus, Polygnathus and
Spathognathodus die out at the top of the zome.
Siphonodella is reported with Scaliognathus and
Dollymae in Germany, but these specimens are
thought to be reworked (Meischner, 1970, p. 1176).
Matthews, Saddler, and Selwood (1972, p. 551) reported
Siphonodella and Dollymae on the same slab of
siliceous shale, from Devonshire, England. I have iden-
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tified a single specimen of Siphonodella from a sample
collected by W. J. Sando, 800 feet above the base of the
Madison Limestone in Montana. This sample is Osage
in age according to Sando. McCaleb and Wayhan (1969,
p. 2100) list Siphonodella crenulata, identified by Klap-
per from zone A of McCaleb and Wayhan, which Sando
(oral commun., 1973) regarded as Osage in age. All of
these examples of late occurrence of Siphonodella may
be due to reworking, but the upper limit of the range of
Siphonodella is not yet established.

The Siphonodella Zone is divided into two subzones:
the Siphonodella sulcata Subzone below and the
Siphonodella cooperi Subzone above.

The S. sulcata Subzone is present in the lower and
middle part of the Hannibal Shale in the Mississippi
Valley. The base of the subzone is the first appearance
of S. sulcata at the base of the Mississippian. The abun-
dance peaks of S. sulcata and Protognathodus kuehni
and P. kockeli are in the lower part of the subzone, and
the abundance peak of S. duplicata occurs in the upper
part, along with S. sandbergi.

The S. cooperi Subzone is present in the upper part of
the Hannibal Shale and the Chouteau Limestone in the
Mississippi Valley. It is characterized by an abundance
of the advanced forms of Siphonodella and the ap-
pearance of Gnathodus. Gnathodus punctatus is com-
mon in the upper part of the subzone in southwestern
Missouri and in the Cordilleran region, but this part of
the subzone is absent in the Upper Mississippi Valley
sections.

BACTROGNATHUS ASSEMBLAGE ZONE

The Bactrognathus Assemblage Zone occurs in the
Meppen of Collinson, Rexroad, and Thompson (1971),
Fern Glen, and Burlington Formations in the upper
Mississippi Valley. The base is marked by the first ap-
pearance of Bactrognathus and the first abundance of
Pseudopolygnathus multistriatus and Gnathodus semi-
glaber. Within the zone are the ranges of several dis-
tinctive genera, including Scaliognathus, Doliognathus,
Dollymae, and Staurognathus. The upper boundary of
the zone is marked by the disappearance of these dis-
tinctive genera and the appearance of Taphrognathus
varians and an abundance of Gnathodus texanus. The
youngest known species of Polygnathus, P. mehli, oc-
curs in the upper part of this zone.

Several locally useful subzones in the Mississippi
Valley are based on the overlapping of species of
Gnathodus, Polygnathus, and Pseudopolygnathus.

In Germany, the approximately equivalent Scaliog-
nathus anchoralis Zone overlaps the range of
Siphonodella and includes the range of Dollymae and
Gnathodus punctatus, according to Meischner (1970).
This overlap of ranges is not present in Belgium, ac-
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cording to Austin and Groessens (1973) and Groessens
(1971), who ascribe the German overlap of ranges to
reworking.

TAPHROGNATHUS ASSEMBLAGE ZONE

The Taphrognathus Assemblage Zone includes the
Keokuk, Warsaw, Salem, and lower part of the St. Louis
Limestones in the Mississippi Valley. It is essentially
the range zone of the species T. varians, and, while this
species is common in the Warsaw to St. Louis interval,
it is rare in the Keokuk Limestone. The total range of
the species overlaps the assemblage zones used here.
The base of the assemblage zone is marked by a few
specimens of T. varians and more abundant specimens
of Gnathodus texanus. The top of the zone is indicated
by transitional forms between Taphrognathus and
Cavusgnathus and the appearance of Cavusgnathus
unicornis, Spathognathodus scitulus, and abundant
specimens of Apatognathus species. Spathognathodus
coalescens is abundant in the Warsaw Limestone.

CAVUSGNATHUS RANGE ZONE

The Cavusgnathus Range Zone extends from the
base of the upper part of the St. Louis Limestone to the
base of the Grove Church Formation in the top of the
Chester Series in the Mississippi Valley. The base is in-
dicated by the first abundance of Cavusgnathus unicor-
nis, transitional forms from Taphrognathus, and abun-
dance of Apatognathus and Spathognathodus sicitulus.
A number of zones in this interval in the upper
Mississippi Valley have been recognized by Collinson,
Rexroad, and Thompson (1971), but these zones are not
very distinct. Species of limited range are rare and most
collections include only the abundant long-ranging
species. A lower subzone of the Chester is suggested by
the ranges of Gnathodus texanus, lower third of the
Chester, and G. bilineatus, Glen Dean Limestone and
below. This is limited in usefulness because of
difficulties in the taxonomy of gnathodids and ques-
tions about total ranges of gnathodid species.
Cavusgnathus naviculus is confined to the formations of
late Chester age and together with the total range of
the bar-type genus Kladognathus, defines a possible
late Chester subzone.

ADETOGNATHUS UNICORNIS ASSEMBLAGE ZONE

The Adetognathus unicornis Assemblage Zone is con-
fined to the latest formation of the Chester, the Grove
Church Formation, in the upper Mississippi Valley; it
also occurs in the Pitkin Limestone in Arkansas, the
Helms Formation in west Texas, and in the Indian
Springs Formation in Nevada. The base of the zone is
marked by the first appearance of Adetognathus
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unicornis (Rexroad and Burton) and Spathognathodus
minutus. Both species continue upward into the Morrow
Series of the Pennsylvanian.

The boundary between the Mississippian and the
Pennsylvanian has presented problems partly because
the type sections are separated by many miles. In Penn-
sylvania and West Virginia much of the section is non-
marine and, therefore, difficult to correlate with the
nearly continuous marine sections in the Cordilleran
region. The conodont faunas of the western Late
Mississippian and Early Pennsylvanian sequence have
been studied by Webster (1969), Dunn (1970a, b), Lane,
Sanderson, and Verville (1972), and Lane and Straka
(1974). These authors generally agree that on the basis
of conodonts the base of the Pennsylvanian can be
drawn at the first appearance of Adetognathus lautus
—A. gigantus, Rhachistognathus primus, Idiognathoides
noduliferus, I. sulcatus, and Adetognathus spatus. The
appearance of the foraminifer genera Millerella and
Eostaffella at approximately the same horizon tends to
confirm the boundary based on conodonts.

RESIDUAL INCONSISTENCES
IN CORRELATION

In this report we have used the small Foraminifera
as a common denominator by means of which the
charts, based on different phyla of fossils, can be com-
pared one to the other. The zonal scheme of Mamet
(Mamet and Skipp, 1971) as related to the type
Mississippian sequence is shown on the three principal
charts (figs, 85, 86, 88). This scheme was developed
originally for the section in Belgium and, in part, has
been correlated with the European goniatite zones.
However, some controversy exists among workers in
Belgium as to the correlation of the Dinantian rocks,
even within a relatively limited region. So it is not
surprising that certain difficulties have arisen in cor-
relating the rocks of various regions of North America
with those across the Atlantic Ocean by means of
several different groups of animals. The heartening
truth is that the discrepancies in correlation now in-
volve relatively minor intervals of the geologic column.

One of our principal difficulties has been to ascertain
the position of the Tournaisian-Viséan boundary in the
American section. Mamet and Skipp (1971, p. 1141)
equated it with the Osage-Meramec boundary. The am-
monoids, however, suggest a correlation with a level
within the Osage Series. Works on Belgian stratigraphy
with regard to the ammonoids (Delepine, 1940, p. 8, 9;
Conil, Mortlemans, and Pirlet, 1971, p. 17, 18) place
high in the Tournaisian (zones Tngb, Tngc) the
limestones that contain ammonoid faunas closely re-
lated to our Protocanites lyoni Zone. Correlation by con-
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odonts suggests that the Tournaisian-Visean boundary
should be placed approximately at the contact between
the Burlington and Keokuk Limestones in the type
Mississippian sequence. Paproth (1969), who employed
both conodont and ammonoid zones in her correlation
and also considered the foraminifers, placed the top of
the Kinderhook high in the Tournaisian, but she found
difficulty in correlating the Osage and its upper bound-
ary.

The seeming discrepancies will be resolved as more
comparative data, involving a wide variety of fossils,
become available. The pursuit of biostratigraphy in the
United States has reached the point where paleon-
tologists, before making general statements about the
time-stratigraphic classification, are more willing to
look outward from their particular disciplines and to
compare their results with those of their colleagues
working on other fossil groups.
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EVAPORITE DEPOSITS IN MISSISSIPPIAN ROCKS OF THE EASTERN
UNITED STATES

By WALLACE DE WITT, JR., EDWARD G. SABLE, and GEORGE V. COHEE

EVAPORITES IN THE APPLACHIAN
BASIN

By WALLACE DE WITT, JR.

Commercially exploited evaporites of Mississippian
age occur only in the Maccrady Shale and Little Valley
Limestone of the Saltville district in southwest
Virginia, a 16- by 3-mile belt between Plasterco,
Washington County, and Chatham Hill, Smyth County.
The evaporite-bearing rocks lie along the trough of the
Greendale syncline (pt. I, chap. C, fig. 3) which is locally
overturned and recumbent in the vicinity of Saltville
(fig. 89; Cooper, 1964, p. 94, fig. 8). Salt is found only in
a 3-mile segment in the immediate vicinity of Saltville
and Plasterco; whereas gypsum and anhydrite are more
widespread (Cooper, 1966, p. 24). Excepting these
deposits in the Greendale syncline, evaporites are spar-
sely distributed in the Mississippian rocks of the Ap-
palachian basin. Traces of anhydrite and gypsum have
been reported from the Little Valley and Hillsdale
Limestones along the Allegheny Front (pt. I, chap. C,
fig. 3) in southwest Virginia (Wilpolt and Marden, 1959,
p. 595). Anhydrite was observed in drill cuttings from
the Hillsdale part of the Greenbrier Limestone in south
West Virginia (Martens, 1945), and small amounts of
clear anhydrite occur locally in the St. Louis Limestone,
the basal part of the well driller’s Big lime , in east Ken-
tucky. Throughout most of the basin, however, the
Mississippian rocks are largely devoid of evaporites.

Much of the following discussion of the Saltville dis-
trict is from Cooper (1964, 1966), who has studied the
area intensively for a number of years.

Salt and gypsum were found relatively early in the

settlement of southwest Virginia, and by 1815 both

commodities were being produced in the Saltville dis-
trict. Saltville was one of the principal sources of salt
for the Confederacy, and the district became in-
creasingly important to the South as other sources of
this vital commodity were lost during the closing phases

of the Civil War. Since then, Saltville has been the site
of a thriving chemical industry using salt from the
Mississippian rocks and limestone from Ordovician
strata contiguous to the Greendale syncline. Salt is dis-
solved from the Maccrady Shale and transported to the
chemical plant in the form of brine.

In the Saltville district, anhydrite, gypsum, and salt
occur mainly in the upper part of the Maccrady Shale, a
part that has been informally designated the plastic
shale member by Cooper (1966, p. 15), and, to a lesser
extent, in the basal part of the overlying Little Valley
Limestone. Thus, most of the salt lies within interval B,
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although some is in the base of interval C. The entire
Maccrady Shale, but particularly the evaporite-bearing
member, thickens markedly into the axial part of the
Greendale syncline. At Saltville, for example, in a
lateral distance of 1 mile the Maccrady thickens from
350 feet on the flank of the syncline to more than 1,600
feet near the axis of the trough (Cooper, 1966, p. 16).
Although some thickening of the soft strata undoub-
tedly resulted from the flowage of the relatively incom-
petent evaporites into the trough of the syncline during
post-Mississippian folding, Cooper (1966, p. 22) has in-
dicated that much of the thickening is the result of
original deposition in a tectonically controlled, locally
silled basin or trough. In Locust Cove, about 15 miles
northeast of Saltville along the Greendale syncline (pt.
I, chap. C, fig. 3), detailed mapping of the Maccrady by
Eckroade (Cooper, 1964, p. 94) disclosed a normal fault
that offset the upper evaporite-bearing member of the
Maccrady. The member is more than three times as
thick in the downthrown block as in the upthrown
block. These data clearly indicate tectonic control of the
growing Greendale syncline in the Saltville district at
the time when the Maccrady evaporites were accumlat-
ing in a hypersaline environment.

Post-Mississippian folding and faulting played an im-
portant part in preserving the salt at Saltville and in
the conversion of anhydrite to gypsum in other parts of
the district. Cooper (1966, p. 27—28) has indicated that
in the 3-mile segment of salt beds around Saltville im-
permeable lower Paleozoic rocks in the plate of the
Saltville thrust lie on the upper limb of the overturned
Greendale syncline in contact with the salt-bearing
part of the Maccrady. The tight caprock prevented
removal, by deeply circulating ground waters, of salt
from the thick sequence of evaporites in the axial part
of the trough. In this part of the district, salt and any-
drite occur in abundance, and gypsum is present only in
relatively small amounts in the subsurface. In contrast
to the Saltville locality, north and south along the syn-
cline where the trough is less tightly folded and per-
meable lower Paleozoic rocks overlie the Maccrady,
gypsum is abundant, whereas anhydrite and salt are
not. In these areas, according to Cooper (1966, p. 28),
deep circulation of ground water has removed the salt
from the sequence and has hydrated the anhydrite to
gypsum. This hypothesis is a reasonable explanation
for the relatively mutual exclusiveness of the main
masses of salt and gypsum in the Saltville district.

From his regional study of the Maccrady and related
rocks and a synthesis of the depositional history of the
strata, Cooper (1966, p. 15, 32) has concluded that the
Saltville evaporites accumulated in a small locally sub-
siding trough and that large amounts of evaporites will
probably not be found in these beds at other localities in
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the folded Appalachian Mountains. To date, his conclu-
sion has been substantiated by deep drilling both in the
folded rocks of the Valley and Ridge province and in the
flat-lying strata of the Appalachian Plateaus province
(pt. I, chap. C, fig. 3).

EVAPORITES IN THE
EASTERN INTERIOR BASIN

By EDWARD G. SABLE

INTRODUCTION

Significant amounts of bedded gypsum and anhy-
drite, including exploited or potential commerical depos-
its, occur in the lower part of the St. Louis Limestone
(mid-interval C) in the Eastern Interior basin—Illinois,
Indiana, and Kentucky. Lesser amounts of these
evaporites, as nodular masses, geode fillings, and
veinlets, are also found in the St. Louis, Salem, and Har-
rodsburg Limestones, in some units of the Borden
Group or Formation, and in the Fort Payne Formation
(pl. 15). The bedded deposits discussed appear to repre-
sent recrystallized and at least in part altered products
of primary inorganic precipitates; the minor occur-
rences are largely postlithification open-space fillings
or replacements of carbonate rocks.

Evaporite occurrences in Illinois were described by
Saxby and Lamar (1957), those in Indiana, by
McGregor (1954), and those in Kentucky, by McGrain
and Helton (1964). Petrology of the Indiana evaporite
deposits was discussed by Bundy (1956). All data on
bedded evaporite distribution and thickness are based
on subsurface information. The map (fig. 90) shows
areas of St. Louis evaporite-bearing beds and cumula-
tive thicknesses of bedded evaporites.

DISTRIBUTION AND THICKNESS

Evaporite beds in the lower part of the St. Louis
Limestone occur in a southeast-trending belt from
west-central Illinois to south-central Kentucky. The St.
Louis Limestone as a whole, less than 100 to more than
400 feet thick, consists dominantly of very fine grained
dense limestone, the features of which indicate deposi-
tion in a low-energy marine environment. The lower
part of the St. Louis, less than 20 to more than 200 feet
thick (fig. 90), is referred to as the evaporite unit or
evaporite-bearing zone. Thickness limits for this unit
appear to be somewhat wider in Indiana than in Illinois
and Kentucky (McGregor, 1954, p. 16—18; Saxby and
Lamar, 1957, p. 7; McGrain and Helton, 1964, p. 9). In
this unit, beds containing relatively high proportions of
gypsum and (or) anhydrite are reported to be <1—-15
feet thick in Illinois, <1—20 feet thick in Indiana, and




EVAPORITE DEPOSITS IN MISSISSIPPIAN ROCKS OF THE EASTERN UNITED STATES 433

small
arrences

i KENTiUCKY

| R———

v

; H
EXPLANATION

— —  Approximate limit of major evaporite-bearing Lines showing total cumulative thickness
area — Dashed where uncertain 10, of evaporite beds in evaporite unit —

....................... Inferred limit of minor evaporite occurrences Dotted where uncertain. Intervals 10
and 20 feet. Shaded areas, evaporite
thickness greater than 40 feet; cross-
hatched areas, evaporite 20-40 feet

411 Approximate erosional edge of St. Louis Limestone thick

200——- Line showing thickness of evaporite unit —Dashed
where uncertain; interval 100 feet

FIGURE 90. — Distribution of major evaporite occurrences in St. Louis Limestone in Eastern Interior basin. Modified from McGregor (1954),
Saxby and Lamar (1957), and McGrain and Helton (1964).

<1—20 feet thick in Kentucky. They are interbedded | regional continuity of individual beds seems unlikely
with limestone, dolomitic limestone, dolomite, and | (Saxby and Lamar, 1957, p. 7, 13).

minor mudstone. Although evaporite beds seem most The areas of maximum cumulative evaporite bed
widespread in the lower part of the evaporite unit, | thicknesses (more than 20 feet) —in central and
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eastern Illinois, west- and south-central Indiana, and
west-central Kentucky — are shown in figure 90. These
areas indicate nonuniform thickness distribution which
corresponds only partly to total thickness trends of the
evaporite unit and suggest localized accumulations
near the margins of the Eastern Interior basin.

No St. Louis bedded evaporites have been observed in
outcrop within the region. In the subsurface the
evaporite unit thins eastward toward the Cincinnati
arch—Kankakee arch trend and westward toward the
Mississippi River valley (fig. 90). Along the eastern
margins of outcrop, beds probably correlative with the
evaporite unit are marine limestone, dolomite, and
minor mudstone, including carbonaceous shale. West-
ward, along the Mississippi River valley, probable cor-
relatives of the evaporite unit are limestone and gray
mudstone and limestone conglomerates and breccias
which may be extensive in the subsurface of western Il-
linois, Missouri, and Iowa. Southwestward, the
evaporite unit appears to grade into a predominantly
limestone section which contains minor evaporite oc-
currences in southwestern Illinois (Saxby and Lamar,
1957, p. 10) and clastic limestones in southwestern In-
diana (Pinsak, 1957, p. 40). The northern limits of the
evaporite unit in eastern Illinois lie along a post-
Mississippian erosional edge; originally, the unit ex-
tended an unknown distance northward.

The absence of St. Louis bedded evaporite in
presumably correlative rocks of outcrop belts and in
subsurface areas adjoining evaporite occurrences has
been explained as due to nondeposition of evaporites or
their removal from original sites of deposition. In
southern Illinois and extreme western Kentucky, ab-
sence of evaporite beds probably reflects an environ-
ment of normal salinity, open circulation, and depth of
water not conducive to primary evaporite precipitation.
In western and southwestern Illinois, the presence of
limestone breccia beds in the lower part of the St. Louis
Limestone may represent solution removal of
evaporites previously deposited over large areas of II-
linois, Iowa, and Missouri (Saxby and Lamar, 1957, p.
15; Collinson, 1965, p. 7). The breccias have also been
attributed, by some authors, to wave action and
regional deformation.

In the eastern outcrop belts of St. Louis Limestone in
Indiana and west-central Kentucky, no breccia beds
have been recognized in beds correlated with the
evaporite unit. Older Mississippian strata of different
lithologies, however, do contain locally abundant gyp-
sum- and anhydrite-filled geodes and nodules of
unknown origin. These occurrences may have resulted
from solution of bedded evaporites by ground water,
downward and lateral transportation, and redeposition
in suitable host rock. Deposition of St. Louis bedded
evaporites in these eastern areas, as in the western
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ones, may have been areally more extensive than the
present distribution pattern shows.

FACTORS AFFECTING EVAPORITE DEPOSITION

The St. Louis evaporite deposits imply climatic fac-
tors of warmth and low rainfall and shallow hyper-
saline water conditions in which evaporation and
restricted circulation were significant factors. Pre-
cipitation from supersaturated sea water is agreed to by
all investigators. Whether anhydrite or gypsum or both
minerals were precipitated as primary deposits in the
St. Louis evaporite unit is not known. On the basis of
experimentally derived stability conditions of the
system CaSO,-H,0 and his own petrographic observa-
tions, Bundy (1956, p. 251) concluded that “gypsum
may be the predominant or only form of calcium sulph-
ate precipitated from sea water.” Saxby and Lamar
(1957, p. 4) favored anhydrite to be the original precipi-
tate. Petrographic evidence indicates that secondary
occurrences of gypsum are quantitatively significant,
and anhydrite has also been recognized as a secondary
mineral in the St. Louis evaporites (Bundy, 1956; Saxby
and Lamar, 1957, p. 4).

The relative importance of tectonic and depositional
features which may have affected the distribution and
thickness of evaporite accumulation in the St. Louis is
difficult to assess. Although structural features proba-
bly provided the major framework for evaporite deposi-
tion, irregular preexisting bottom topography and par-
tial removal of evaporites by nearly contemporaneous
submarine erosion may have been factors in the non-
uniform distribution of the evaporite beds. The follow-
ing discussion summarizes evidence bearing on the
problem.

STRUCTURAL CONTROLS

Prior to evaporite deposition, the major controls for
depositional thicknesses of interval B and early inter-
val C sediments were tectonic. Three major structural
features included (1) a relatively stable, slowly
downsinking shelf in western Illinois and Missouri
areas, (2) a rapidly subsiding, southwest-trending
basinal trough across northwestern Indiana to beyond
southern Illinois, and (3) an unstable shelf or platform
along the Cincinnati arch—Kankakee arch trend. The
rocks deposited by the end of Salem (early interval C)
time indicate that shallow-water conditions existed
over large areas, which suggests that major structural

.irregularities had been largely infilled except perhaps

in the deeper parts of the trough in southern Illinois.
Following deposition of Salem sediments, the evaporite
unit and succeeding St. Louis strata accumulated. Total
thicknesses of the St. Louis Limestone in Illinois (fig.
91) indicate elements which suggest that the gross
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structural framework, although somewhat modified,
continued into St. Louis time. Within this framework,
evaporite beds accumulated on the wide shelf areas
marginal to the basin where sediment infilling was es-
sentially in balance with slow subsidence. Farther
south, in the basin, more rapid subsidence may have ex-
ceeded sedimentation rates with resulting deeper water
conditions, as suggested by the darker hues of St. Louis
rocks there.

In Indiana and Kentucky, the belt of major evaporite
occurrences (fig. 91) lies between the present La Salle
anticlinal belt and the Cincinnati arch—Kankakee arch
trend. McGregor (1954, p. 20) favored structural con-
trols as important factors in deposition of the Indiana
evaporites in which differential epeirogenic movement
resulted in intrasilled basins between the La Salle anti-
clinal belt and the Cincinnati and Kankakee arches.

In central and west-central Illinois, major evaporite
occurrences do not as clearly correspond to present
linear structural trends as they do in Indiana and Ken-
tucky. However, thinning of the total St. Louis section
in western and southwestern Illinois (fig. 91) suggests
northeast-trending positive elements which flanked
the evaporite deposits. These elements appear to have
generally corresponded to the present Mississippi River
arch and to the Vandalia arch which was prominent
during Late Devonian time.

NONSTRUCTURAL CONTROLS

Although the general framework for St. Louis
evaporite deposition was probably due to tectonic
causes, it is not clear whether the nonuniform distribu-
tion of evaporites resulted wholly from this factor or
were also the results of preexisting nonstructural bot-
tom topography. Nonstructural controls may have in-
cluded depositional irregularities in the underlying
Salem Limestone in Indiana and Kentucky and similar
features inherited from interval B deposition in central
and southwestern Illinois. Pinsak (1957, p. 20) sug-
gested erosion, transportation, and redeposition of fine-
grained components by storm waves and wave-gener-
ated currents as a further possible factor for the patchy
distribution of evaporites and apparent intergradation
of different lithologies.

The Salem Limestone includes a variety of carbonate
rock types characterized by lateral discontinuity of in-
dividual units (Pinsak, 1957, p. 38—39). Reconstruction
of the physical environment of Salem deposition in In-
diana suggests a relatively flat sea floor with scattered
positive depositional elements (Pinsak, 1957, p. 47). Ir-
regular thicknesses of Salem occur in a belt along the
main Indiana evaporite occurrences and are believed by
Pinsak to have been influenced by locations of Silurian
reefs. Comparison of Salem thicknesses (taken from
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Pinsak, 1957, pl. 3) with major St. Louis evaporite oc-
currences in Indiana indicates that irregular Salem
thickness maximums lie marginal to or between areas
of evaporite maximums. The distribution of lithologies
at the top of the Salem, directly underlying the
evaporite unit in Indiana (generalized from Pinsak,
1957, pl. 5), is shown in figure 91. The distribution of
finely granular dolomitic limestone in the topmost
Salem corresponds closely with evaporite thickness
maximums and may indicate that hypersaline condi-
tions were already operative during late Salem time.
Adjacent to belts of dolomitic limestone, sporadic occur-
rences of calcarenites and detrital limestones roughly
delimit areas of thick evaporites. These limestones may
have acted as positive elements which provided circula-
tion barriers to adjoining sites of evaporite deposition.
Although such elements may have initially exercised
environmental controls, it seems doubtful that they
were topographically high enough to account for re-
peated evaporite deposition in sections 100—200 feet
thick. Local tectonic controls like those suggested by
McGregor seem to best explain prolonged St. Louis
evaporite deposition in Indiana.

In central and southwestern Illinois, major evaporite
occurrences correspond closely to the southeastern
margin of the shelf on which interval B bank sediments
(crinoidal limestones of Burlington-Keokuk) accumu-

| lated (fig. 91). Infilling of the basinal trough to the east

by Borden deltaic sediments and overriding of the
banks by detrital sediments (Warsaw) may have pro-
vided topographic irregularities conducive to evaporite
deposition there.

SUMMARY

Deposition of the St. Louis evaporite unit represents
a partial withdrawal and restriction of seas after the -
more widespread marine conditions during which
earlier Mississippian sediments were deposited, and
before the widespread transgressions of late St. Louis
time. Climatic and tectonic conditions were probably
major causal factors, but irregular infilling of the major
basin during interval B and early interval C also may
have had important effects in displacing marine waters
and producing semi-isolated shoal areas conducive to
evaporite deposition.

A model representing hypothetical conditions during
evaporite unit deposition is shown in figure 92. Influx of
marine waters is assumed to have been largely through
the Cumberland saddle area, on the basis of suggestive
evidence that this area afforded connections to the Ap-
palachian basin seaway during early interval C time
(Sable, pt. I, chap. E, p. 79) and on the basis of the
reconstruction, by Swann (1963), of a dominant north-
westerly marine current direction during late interval
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C and interval D time. Surface waters may have flowed
in a broad front from the main basin toward shelf
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saline through progressive shelfward evaporation.
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to afford environments conductive to evaporte pre-
cipitation in these areas.
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EVAPORITES IN THE MICHIGAN BASIN

By GEORGE V. COHEE

The Mississippian evaporite deposits of the Michigan
basin are primarily gypsum and anhydrite and are
limited to the Michigan Formation of Late Mississip-
pian age (interval C). During the time of deposition of
the formation, the basin appears to have been isolated
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periodically from the open Mississippian seaway. In the
isolated basin, both evaporation and the chemical pre-
cipitation of anhydrite took place. The gypsum was
formed by hydration of the anhydrite. As many as eight
beds of gypsum have been reported in the Michigan
Formation in southwestern Michigan where the gyp-
sum is mined. In the Central basin area (pt. I, chap. D,
fig. 9), some drill holes show a dozen or more individual
beds of anhydrite occurring at intervals throughout the
500 feet of greenish-gray shale, dolomite, and
sandstone of the formation. Anhydrite and gypsum are
present in the Michigan Formation throughout its ex-
tent in the basin. The depth to the Michigan Formation
in the Central basin area is about 1,000 feet.

The aggregate thickness of the beds of gypsum in the
areas where it has been mined varies from place to
place, and in Kent County it ranges from less than 1
foot to as much as 38 feet (Grimsley, 1904). The aggreg-
ate thickness of the gypsum in the Iosco County area
exceeds 40 feet, and in the Central basin area the ag-
gregate thickness of gypsum and anhydrite attains a
maximum of 100 feet (fig. 93). Gypsum may also occur
in modules of various sizes. Beds of salt have not been
reported in the Michigan Formation, but veinlets of salt
have been reported in a few places in the formation.

The Michigan Formation thickens from less than
100 feet at its southern boundary beneath the glacial
drift to about 500 feet in Missaukee County. The forma-
tion is exposed in Kent, Huron, and Iosco Counties, and
gypsum has been mined from it at Grand Rapids, Kent
County and is being quarried at Alabaster and National

City, Iosco County. By the end of 1964, 50 million tons of ‘

gypsum had been mined in Michigan.

Because of the arid and evaporating conditions with-
in the Michigan basin during late interval B and inter-
val C time, the seawater at times became a highly con-
centrated solution of mineral salts. The connate waters
enclosed within the porous sandstone deposited in the
Central basin area are remarkably concentrated
brines. The brine from the Marshall Sandstone (upper
part of interval B) was used as a source of chlorine and
bromine in 1880 by Hubert Dow, founder of the Dow
Chemical Company, Midland County (Kelley, 1964).
Since the first industrial use of the brine from the
Marshall, it has provided many different compounds of
calcium and magnesium in addition to those of chlorine
and bromine. For many years the entire domestic out-
put of primary metallic magnesium was obtained from
the brines of the Marshall Sandstone by electrolysis of
the magnesium chloride. The depth to the Marshall
Sandstone in the Central basin area is about 1,300 feet.
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FiGure 93. — Extent of the Michigan Formation and the
distribution and thickness of contained gypsum and
anhydrite in the lower peninsula of Michigan. Numbers
show cumulative thickness in feet. Unnumbered
localities are points with no gypsum and anhydrite.
Counties mentioned in text: A, Huron; B, Iosco; C, Kent,;
D, Midland; E, Missaukee.
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OIL AND GAS IN MISSISSIPPIAN ROCKS IN PART OF
EASTERN UNITED STATES

By WALLACE DE WITT, JR., GEORGE V. COHEE, and LAURA W. MCGREW

PETROLEUM AND NATURAL GAS
IN MISSISSIPPIAN ROCKS
OF THE APPALACHIAN BASIN

By WALLACE DE WITT, JR., and LAURA W. MCGREW

INTRODUCTION

Rocks in each of the four intervals of the Mississip-
pian System have produced oil and gas at various places
in the Appalachian basin. Generally, gas and oil occur
in close proximity in the western part of the basin;
whereas gas is present mainly unassociated with oil in
the central and east-central part of the basin. The
Mississippian strata in the northern half of the basin,
which accumulated largely in nearshore marine and
subaerial delta-complex environments, are considera-
bly more petroliferous than the rocks in the southern
half of the basin which were deposited in a dominantly
open-sea neritic environment (pl. 14). Commercial ac-
cumulations of oil and gas are confined mainly to the
gently folded rocks of the Appalachian Plateaus pro-
vince; whereas only a scattering of small gas pools and
noncommercial accumulations of oil has been found in
the more complexly folded and faulted Mississippian
rocks of the Valley and Ridge province (fig. 94). Several
factors appear to be responsible for the segregated oc-
currence of gas and oil in specific parts of the basin. The
Mississippian strata in the Valley and Ridge province
were deposited largely in a subaerial environment that
precluded the development of widespread source beds
for oil and gas. Also, the rocks of the Valley and Ridge
province were subjected to greater heat and pressure
during the folding of the region than were equivalent
strata in the Appalachian Plateaus province to the
west. The greater heat and pressure appears to have
decreased the amount of oil present in these beds by
converting the petroleum into highly mobile natural
gas. Fractures and joints produced during folding shat-
tered the seals on existing reservoir rocks and permit-
ted the entrapped gas to escape. Uplift and erosion of

the deformed strata in the Valley and Ridge province
since the episode of folding have continued the process
of unsealing possible reservoirs and have accelerated
the rate at which these deformed strata lost entrapped
gas.

HISTORICAL REVIEW

Although the States within the Appalachian basin
include the birthplace of the oil industry, data are
unavailable to determine even approximately the
amount of oil and gas produced from the Mississippian
rocks of the basin. Within 2 years after the drilling of
the Drake well at Titusville, Pa., in 1859, oil was being
produced from shallow wells in the Berea sand at
several localities in northern Ohio (Orton, 1888, p. 328,
332). The most notable of these was the Mecca pool in
north-central Trumbull County, where in addition to
producing oil from the shallow Berea sand and the sub-
jacent 2nd Berea (Cussewago-Murrysville) sand, opera-
tors made one of the first efforts in the United States to
drain oil from an oil sand by mining. Two shafts and a
connecting galley were nearly completed before a flood
of water overwhelmed the venture. Pumps were unable
to stem the flow, and only a disappointingly small quan-
tity of oil was recovered from the workings. The opera-
tion, like several more recent attempts to mine oil from
the petroliferous sands in the Appalachian basin, was
abandoned.

As drilling techniques and equipment improved dur-
ing the second half of the 19th century, exploratory
drilling spread from shallow pools along the north and
west periphery of the basin downdip into the trough of
the basin. Many oil and gas pools were found in the
Mississippian rocks of eastern Kentucky, eastern Ohio,
western Pennsylvania, and West Virginia. By 1920
much of the area underlain by Mississippian rocks in
the northern part of the Appalachian Plateaus province
had been tested by wildcat wells, and the areas con-
tiguous to oil and gas pools had been intensively drilled.

Exploration for oil and gas in the Mississippian
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FIGURE 94. — Localities and areas in the Appalachian basin mentioned in the text.
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strata of the Appalachian basin was far from a uniform
process. Exploratory drilling increased greatly in times
of plenty and stagnated during business recessions and
panics. Each successful wildcat well induced a local
flurry of excitement, and a potential boom hung on the
results of the first few development wells in the
prospective pool area. Because the infant oil industry
evolved in the Appalachian basin long before the ad-
vent of the integrated major oil company, the industry
was dominated by the independent operator and by the
small drilling and producing company. Geologic think-
ing tended to be extremely provincial, and exploration
advanced piecemeal in the several States that compose
the basin. Integrated operations were largely unknown
in the Appalachians during these years, and develop-
ment of the petroleum industry was severely hampered
at many times by a lack of adequate capital.

During the period 1910—40, drilling for oil and gas in
the Mississippian rocks continued throughout much of
the western part of the basin and scattered wildcat
wells penetrated the Mississippian strata in the Valley
and Ridge province to the east of the major producing
areas. During this time secondary recovery of oil by gas
injection was undertaken in several of the Mississip-
pian oil sands (Rogers, 1951). Some of these projects
were successful and recovered almost as much oil by
gas injection as was originally produced by pumping.
The depression of the early 1930’s greatly curtailed ex-
ploratory drilling and field development. The low price
of oil and gas brought an early abandonment of some oil
or gas fields because the value of the well tubing and
casing as “junk” pipe exceeded the market value of the
producible oil or gas.

Increased demand for gas and oil during World War
IT and in the decade that followed led to a brief spurt of
exploration and development activity. Newly in-
troduced well-stimulation techniques, such as double
shooting of low-permeability fine-grained reservoir
rocks, acid treating of carbonate reservoir strata, and
inducing fractures in petroliferous reservoir rocks by
hydrafrac treatment (Brown, 1952), extended the life of
many old oil pools, led to redrilling areas in which old
wells had encountered noncommercial amounts of oil or
gas within the Mississippian rocks, and added to the
known reserves of oil and gas in the Appalachian basin.
Secondary recovery of oil —mainly by the displace-
ment of residual oil from partly depleted oil sands by
water flooding — was successfully applied to several
large pools of Missis<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>