Anatomy of the Studied Fourth-order Sequence

The studied fourth-order sequence (Sequence 3), which is 68 feet thick at Pinto
and 66.5 feet thick at Mt Union, is located approximately in the middle of the Wills
Creek Formation (the interval between 147 and 213 feet at Pinto in Swartz, 1923).
Internally, this fourth-order sequence, at both localities, is divisible into four fifth-order
sequences. Lithologically, the first two fifth-order sequences of this fourth-order
sequence contain the greatest amount of carbonate whiie the remaining two fifth-order
sequences are predominantly shaley. Therefore, this fourth-order sequence exhibits an
overall upward-shallowing trend (Appendix A). Excellent bed-to-bed exposures of this
complete fourth-order sequence provide an ideal opportunity for studying the

stratigraphic response o leng and short eccentricity modulation of the precessional

signal.

Small-scale Allocycles

Fifth-Order Sequences

Fifth-order sequences are the most prorninent and easily recognized cycles within
the studied section of the Wills Creek Formation. These sequences, which average five
meters in thickness, are characterized by massive carbonate beds at their bases and by
green shaley upper portions. Cycles of this scale were first recognized at Mt. Union,
Pennsylvania, by Swartz (1955), who commented that the Wills Creek shale is
“composed dominantly of cyclic successions of dolomitic limestone, weathering graying
brownish yellow and in part, earthy, overiain by thin-bedded calcareous shale that grades

upward into mudrock weathering grayish yellowish green; at some horizons the mudrock
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is grayish red or red splotched”. Lacey (1960) also recognized these cycles at Mt. Union,
describing them as having a basal unit composed of either limesione or dolomite overlain
by massive greenish claystone. When Lacey (1960} defined the boundaries, he stated
that the change from claystone to carbonate was generally gradational. My field
observations indicate that the boundaries between cycles are sharp, marking the abwupt
superposition of disjunct facies. In his conclusions, Lacey (1960) suggested the cause of
these c¢yclic patterns was a function of sea-level flucteations with the carbonate units
formed when sea-level was highest and the claystone units when sea-level was the
lowest. In contrast, I conclude that these are composite cycles caused by the interaction of
two orbital mechanisms.

Their correlation, their thickness and their intemnal sixth-order cycles justify
interpretation of these S-meter cycles as allogenic fifth-order sequences caused by
eccentricity-modulated precesston. Correlation of these sequences suggests that they were
formed by allogenic mechanisms. Calculations of recurrence interval suggest that those
cycles described by Swartz (1955) and Lacey (1960) are best explained as fifth-order
cycles (100 ky). Chadwick (1994} found the average thickness of the fifth-order
sequences in the Tonoloway to be 3.5 meters. An average thickness of this kind of cycle
in the study interval is 5 meters. These values, when applied to the total thickness of the
Salina Supersequence (390 wmeters), suggest that the supersequence contains between 78
and 111 cycles. If the Salina Supersequence is approximately 10 Ma in duration, the
recurrence interval of these cycles ranges from approximately 90 ky to approximately
128 ky, encompassing the 100 ky period of the short eccentricity cycle. Thus, these

prominent cycies are not precessional cycles.
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Each fifth-order sequence is recognized by recurrence of specific facies and a
consistent pattern of facies change (Figure 20). Internally, each fifth-order sequence is
divisible into meter-scale allocycles. These allocycles qualify as PACs because they
exhibit a shallowing-upward patiem and are bounded by surfaces of non-deposition.
PAC boundaries within a fifth-order sequence generally are marked by smaller-scale
changes in facies than those which define the fifth-order sequence boundanes. Sixth-
order sequences have a consisient pattern within the fifth-order sequence. The base of
the first PAC (fifth- order boundary) is delineated by a marked change to deeper facies.
Generally, the second sixth-order sequence contains the most open facies within the fifth-
order sequence. The following three PACs shallow upward episodically.

In the study interval the number of PACs in fifth-order sequences ranges from 3
to 5, indicating that some fifth-order sequences are incomplete. Because Wills Creek
fifth-order sequences follow the predicted pattem of having their most open facies in the
second PAC (Figure 20), I conclude that PACs are missing from the tops of incomplete
sequences, probably by non-deposition (hiatus). All four fifth-order sequences are topped
by supratidal green or red shale, indicating subaerial exposure. Dampened precessional
rises in this part of the sequence may have been insufficient to either flood this exposed
surface or 10 produce a recognizable facies change. Thus, some of the thick PACs in the
upper portion of these sequences (Figures 21, 22 and 30) may actually contain the record

of two or more precessional rises.
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Fifth-Order Sequence

(100 K.Y)

PACs ———— Deeper
Sixth-Order (20 K.Y)

Figure 20. Orbital Variations Relationship to PACs. Ideal schematic fifth-order sequence,
with all sixth-order sequences present, and a relative sea-level curve showing eustacy throughout
one eccentricity signal. Note that sixth-order boundaries occur at inflection points of sea-level
nises. (After Chadwick, 1993)




Sequence A

Fifth-order Sequence A, 19.0 feet thick at Pinto and 14.0 feet thick at Mt. Union
is divisible into four PACs at both lecalities (Figure 21 and 22). At both localities
Sequence A (Figure 23 and 27) is initiated and terminated by major facies changes
produced by enhanced precessional rises. For example, the base and top of the sequence
at Pinto are marked by changes from supratidal green shale to subtidal calcarenite.
Sequence A exhibits the typical fifth-order internal facies pattern. An abundance of
carbonate and fauna are found in the lower three PACs (between the indicated surfaces,
top photo, Figure 23). The deepest facies occur in Cycles A-2 and A-3 (particularly at
Pinto) and the thickest interval of shallow {supratidal} facies is in Cycle A-4 at both
localities.
An offshore-onshore trend, where Pinto is offshore and Mt. Union is onshore, is evident
in Sequence A when comparing the facies of PACs A-1 through A-3 at the two localities.
For example, PAC A-1 at both localities contains intertidal carbonate facies at Pinto, and
high intertidal to supratidal facies at Mt. Union. In addition, PACs A-2 and A-3 contain
subtidal and intertidal skeletal calcarenites at Pinto and are dominated by intertidal and
supratidal shale facies Mt. Union (Figures 21, 22 and 26). Greater thickness of subtidal
carbonates, diversity and abundance of fauna at Pinto, contrasted with more supratidal
{shaley) facies and less fauna at Mt. Union support the relationship of an onshore-
offshore trend.

At both localities Sequence A is incomplete, probably because a fifth PAC was

not deposited at the top of the sequence. The extensive supratidal facies at the top of
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Figure 21. Stratigraphic Column of Sequence A at Pinto. Sequence A
is divisible into four PACs, numbered 1 through 4. Numbered black dots
indicate sample locations.
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Figure 22. Stratigraphic Column of Sequence A at Mt. Union,

Sequence A is divisible into four PACs, numbered 1 through 4.
Numbered black dots indicate sample locations.
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Figure 24. Fifth-order Sequences D and A at Pinto, Maryland. Photograph of fifth-
order sequence D (top photograph) and Sequence A of the overlying fourth-order
sequence (bottom photograph) Sequence D is the most shale-rich fifth-order sequence
in the study interval.
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PAC A-4 at both localities indicates a subaerial surface evident!y not flooded by the final
precessional rise in the eccentricity-modulated cycle. Alternatively, PAC A-5 may be
represented at both localities as deposits not differentiated as a separate cycle because the
dampened rise did not produce a significant facies change in this subaerial environment.
The fact that PAC A-4 is twice as thick as the average PAC in the study interval supporis

this interpretation.

Sequence B

Fifth-order Sequence B, 14.5 feet thick at Pinto (Figure 24) and 19.0 feet thick at
Mt. Union (Figure 25), is divisible into five PACs at Pinto and four at Mt. Union. In
general, this sequence is considered more marine than Sequence A because it has a higher
carbonate content at both localities. At Pinto, this interval was mined for cement because
of its high carbonate content.

Comparatively, Sequence B is carbonate-rich at Pinto and shale-rich at Mt. Union
(Figure 26 and 27), where only the first two PACs (B-1 and B-2) contain significant
carbonate. The basal PAC (Cycle B-1) at both localities consists of a thick subtidal
limestone bed overlain by intertidal cryptalgal laminites. The next three PACs at Pinto
(B-2, B-3 and B-4) are basically intertidal carbonate cycies with thin, possibly subtidal
bases. In contrast, the same three PACs at Mt, Union ¢onsist largely of supratidal shale
with very thin intertidai-restricted subtidal basal beds. At Pinto, Sequence B is capped
by a shale-rich fifth PAC {B-5) similar to PACs 2, 3, and 4 at Mt. Union. At Mt. Union

this PAC is missing owing to hiatus.
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Figure 25. Stratigraphic Columo of Sequence B at Pinto. Sequence B
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Figure 26. Stratigraphic Column of Sequence B at Mt. Union.
Sequence B is divisible into four PACs, numbered 1 through 4.
Numbered black dets indicate sample locations.
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In summary, Sequence B is more complete and contains mere carbonate facies at
Pinto, relative to Sequence B at Mt. Union, suggesting deposition in a slightly more
offshore position. At both localities Sequence B i3 the most carbonate-rich sequence in

the study interval.

Sequence C

Fifth-order Sequence C, which is 16.0 feet thick at Pinto and 19.5 feet thick at Mt.
Union and consists of five PACs at both localities, begins the shallowing trend for the
remainder of the studied fourth-order sequence (Figure 30 and 31). For example, at Pinto
this sequence contains a greater thickness of supratidal shale than occurs in the prior two
sequences {Scquence A and Sequence B). This sequence for the first time at both
localities contains supratidal facies in the last two sixth-order sequences, another
indication of a shaliowing trend in the fourth-order sequence.

The onshore-offshore trend is evident throughout Sequence C (Figure 23, 28 and
29), beginning with PAC C-1 at Pinto (3.5 feet thick) which contains subtidal and
intertidal facies, (Figures 9, 10, 11 and 12) in contrast 1o the intertidal carbonate and
supratidal shale in the same PAC at Mt. Union. Similarly, PAC C-3 contains slightly
more marine facies at Pinto than at Mt. Union. Finally, the greater thickness of supratidal
facies at Mt. Union supports the existence of generally shallower environments at that

locality.

Seguence D
Fifth-order Sequence D, 18.0 feet thick at Pinto (Figure 32) and 15 feet thick at
Mt. Union, consists of five PACs at Pinto, but only three at Mt. Union (Figure 33).
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Figure 27. Fifth-order Sequences A and B at Mt. Union, PA . The white arrows point
to the base (left arrow) and top (right arrow) of Sequence A in the upper photograph. The
geologist points to the A-B sequence boundary in the lower photograph and the white arrow
points to the upper boundary of Sequence B. Carbonate beds stand out in relief.
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PP B

Figure 28. Fifth-order Sequences B and C at Mt Union, PA. Geologist points to the top of
Sequence B in the upper photograph. The white arrow points to the B-C sequence boundary in the
lower photograph. Carbonate beds stand out in relief.
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Figure 29. Fifth-order Sequence D at Mt. Union, PA. Geologist points to the top of Sequence C
in this photograph and the white arrow points to the top of Sequence D. Sequence D is the most
shale-rich fifth-order sequence in the study interval.
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Figure 30, Stratigraphic Column of Sequence C at Pinto. Sequence C
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Internally, Sequence D (Figure 24, 28 and 29) 1s largely shale-rich at both localities with
a slightly higher carbonate content at Pinto owing to the offshore position of that locality.
For example, PACs D-1 and D-2 at Pinto consist of subtidal to intertidal facies. In
contrast, at Mt. Union PAC D-1 consists of high intertidal to supratidal facies and PAC
D-2 consists entirely of high intertidal facies. Additional evidence that Pinto is the more
offshore locality includes the presence of supratidal facies in PAC D-3 at Mt. Union in
contrast to the intertidal facies at Pinto and the presence of PACs D-4 and D-5 at Pinto in
contrast to the absence (by hiatus) at Mt. Union. Overall, Sequence D has the highest
shale content of any of the fifth-order sequence investigated in this study. Therefore, itis
the most cnvironmentally restricted within the entire fourth-order sequence.
Furthermore, Mt. Union contains greater subtidal facies, which further supports the

existence of generally shallower facies at that locality.

Conclusion

The vertical pattern of fifth-order sequences within the fourth-order sequence
follows a specific stacking pattern as predicted by the PAC model. This pattern begins
with Sequence A reversing the shallowing trend of the previous fourth-order sequence.
Sequence B is deeper than Sequence A and is the deepest fifth-order sequence within the
fourth-order sequence. Sequence C is shailower than sequence B. Sequence D is the
shallowest fifth-order sequence within the fourth-order sequence. There is evidence for
Pinto having been farther offshore than Mt. Union throughout deposition of the fourth-

order sequence.

61



Pinto- Sequence D

®97
A
[ ?.!
-
Sapg &
P S
sax== (=P
==z (33
o= "~
=== tn
- 3
= s |2
[+
1)
=]
Ix)
o
o
096 A
PACs
Feet {Sixth-order)

Figure 32. Stratigraphic Column of Sequence D at Pinto. Sequence D
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Figure 33. Stratigraphic Column of Sequence I at Mt. Union. Sequence D is
divisible into three PACs, numbered 1 through 3. Numbered black dots indicate
sample locations.
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Evidence includes:
1. greater abundance of subtidal and intertidal carbonates at Pinto;
2. greater supratidal shale content at Mt. Union;
3. greater faunal abundance and diversity at Pinto;

4. more sixth-order cycles missing at Mt. Union.
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CHAPTER 5

PALEOENVIRONMENTS, PALEOGEOGRAPHY, BASIN DYNAMICS

Palecenvironments

Facies analysis throughout the study interval indicates that the whole fourth-order
sequence was deposited in peritidal conditions ranging from shallow restricted subtidal to
supratidal environments on a gently sloping ramp. Given that all fifth-order sequences
within the studied interval terminate in shaley supratidal facies, the general
environmental setting appears to be an irregular, muddy, prograding shoreline, bordering
restricted subtidal environments, Relatively open, nearly normal marine conditions
prevailed immediately following precessional sea-level rises, particularly those enhanced
rises marking fifth-order boundaries. As a whole, the fourth-order sequence contains a
record of 400 ky of environmental evolution of those near-shore conditions.

Fourth-order sequences in the Wills Creek Formnation are characterized by general
shaliowing following deep or open marine conditions in the second fifth-order sequence
as a funciion of modulation by long eccentricity. The remaining two fifth-order
sequences, in the fourth-order sequence, are characterized by episodic deepening events
of incrementally Jesser magnitude than those defining the second fifth-order sequence,
For example, at the end of the fourth-order sequence below the studied interval, Mt.
Union and Pinto were dominated by extensive high intertidal to supratidal facies. The
first fifth-order sequence in the study interval consists of subtidal calcarenite facies at the
base, beginning a trend of more open marine conditions (Figure 31). This trend continues

into the sccond fifth-order sequence, where the most open marine conditions are found at
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both localities (Figure 25, 26 and 31). After the most open marine facies, each
subsequent fifth-order sequence contains less of the subtidal facies and more intertidal
and supratidal facies. For example, fifth-order Sequence C (Figure 30 and 31), at both
localities, is dominantly laminated limestone and red/green shale. Sequence D,
exemplifying the most restricted facies, contains laminated and massive dolomite at its
base and red/green shale at its top.

Fifth-order sequences follow a similar facies pattem between localities, but
internally there are significant small-scale environmental fluctuations. These
environmental fluctuations detail a sea-level history of shallowing punctuated by
deepening events every 20 ky, recorded in sixth-order cycles. For example, open marine
conditions caused by amplified precessional sea-level rises characterize the lower portion
of each 100 ky sequence, specifically the first two sixth-order sequences. Shallower
conditions prevail in the remaining one to three sixth-order cycles as a result of by
dampening of the precessional signal by decreasing eccentrcity in the short eccentricity
cycle (Figure 31). Despite the frequent occurrence of open conditions in the lower
section of each fifth-order sequence, supratidal to high intertidal conditions recur at the
top each PAC (i.e. every 20 ky). These sixth-order sequences allow for a detailed
reconstruction of paleogeography and can be used for accurate interpretation of basin

dynamics throughout the entire fourth-order sequence.

Paleogeography
Several studies have investigated the Central Appalachian Foreland Basin

palecogeographic setling during the middle to Late Silurian
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{Alling and Briggs; 1961, Smosna and Patchen, 1978, Cotter and Inners, 1986; Cotter,
1988: and Brett et al, 1990). These studies found that middle to Late Silurian sediment
accumulated on a gently sloping ramp that deepened gradually from the southeastern
margin of the Appalachian Basin to the central basin axis, located nc.ar the present
northwestern margin of the Valley and Ridge province (Cotter, 1988). The main input of
terrigenouws sediment was from the northeast, what is now northem New Jersey (Cotter
and Inners, 1986). Overall, the trend of the basin axis is southwest to northeast (Brett et
al, 1990). |

The Wills Creek Formation was deposited in the central part of the Appalachian
Foreland Basin (Figure 35). The basin’s southeastern margin is a linear belt of uplifted
Middle and Upper Ordovician shales and sandstones. Farther e:;st the Taconic highlands
supplied the siliciclastic sediments for the Upper Silurian deposits (Erett et al,, 1990).

An onshore-offshore trend between localities is supported by the greater amount
of green shale facies (shalldwest facies) at Mt Ijnion {36.5 feet) relative to Piﬁto (27
feet). A higher faunal content and an overall higher carbonate content give further
evidence for environments at Pinto being more marine. This pattern of onshore for Mt

Union and offshore for Pinto is pefva.sive throughout each fifth-order sequence.

Basin Dynamics

The studied fourth-order sequence is ideal for discriminating the relative roles of
tectonism and eustasy in building the Wills Creek Formation. Uniform thickness of the
fifth-order sequences and persistence of peritidal conditions arc indications of uniform

subsidence throughout the time of deposition of the Wills Creek Formation. Therefore,
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changes in palecenvironmental conditions within the basin are solely a function of
eustatic sea-level fluctuations. The general subsidence rate for the Salina Supersequence
(Tonoloway and Wills Creck Formations), using an average thickness of 358 meters and
duration of 10 Ma., is 0.04 m/ky. This value is comparable to values calculated by
Osleger and Read (1991) which ranged from 0.06 to 0.25 m/ky for Cambrian sequences.

Given constant subsidence at 0.04 m/ky, the three-tiered hierarchy of cyclic facies
patterns in the Wills Creek Formation is 2 function of a hierarchic allocyclic mechanism.
The most likely mechanism is orbital forcing because the stacking patterns of the study
interval match predictions of the Milankovitch model. Specifically, the patterns of facies
change are consistent with precession as a basic cycle producer which is modulated by
eccentricity at two scales: short eccentricity (fifth-order); and long eccentricity (fourth-
order).

In conclusion, orbital mechanisms are the most reasonable explanation for the
hierarchic cyclic patiern present within the Wills Creek Formation. Matching of
observations to the predictions of the model supports this conclusion. Observations
include patterns of facies change and cycle thickness throughout the studied interval of
the Wills Creek Formation.

The significance of this study is that it documents that orbital forcing was a
mechanism operating in the Silurian Period. The study further illustrates that an
allocyclic approach can discriminate significant differences in paleoenvironmental and
paleogeography at the scale of 20 ky time-slices. Adoption of a process-detenmined
hierarchy of aliocycles as a model of stratigraphic analysis may yield similar results in

any cyclic sequence.
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APPENDIX A

COMPLETE COLUMNAR SECTION, PINTO, MARYLAND



Complete Columnar Section, Pinto, Maryland. Comparison of Swartz (1923)
lithologic description with the column used in this study.

Swariz Swartz (1923}  Swartz {1923}
(1923 Totat Thickness Lithologic

Studies Current Cycle Thickness of formation Description
Thickness Column boundzries of
Beds
Ft. / In.
Ft. / In.
C Dark, compact limestone.
1 7 18) 9 |calcareous mud rock, breaks
=% 2 0 180 2 |[iregularly and weathers green.
==z =z= 0O 10 178 2 [Calcareous shale.
‘ ‘ = Dark fissile calcareous shale,
30 z 3 177 4 surfaces covered with mud
- ¢racks
B 4 0 175 1 [(Laminated, argillaceous
limestone with interbedded
shale
4 8 171 1 Fissile black calcareous shale
covered with mud cracks
20 — Wit i 1 6 166 5 Hard, dark-brown limestone
ST s Sth
[= &% &> &= 22
e T D T
ciTmzTExy
rmEatzas Fissile black calcareous shale
Ziaccecs 164 11 covered with mud cracks
- 4 -
8 8
>ns
- &
10
3 0 156 3 |Bedded limestone

153 3 Fissile black calcaceous shale
3 4 with a few thin layers of
laminated limestone

3 1 149 11 |Laminated argillaceous
limeslone stained yellow

146 10 Mudrock, breaking irregularly,
weathers greenish
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Complete Columnar Section, Pinto, Maryland. (continued)

Swartz Swartz (1923) Swartz (1923)

Thickness {1923) Total Thickness Lithologisc
of #* order  Current Cycle Thickness of farmation Description
cycle Column boundaries of
Beds
Ft. / In.
Ft. fIn. Thick-bedded, argiilaceous
1 11 227 11 limestone, weathers yellowish.

Mud rock, weathers greenish
Laminated argillaceous
limestone.
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1 9 224
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Calcareous mud rock.
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Argillaceous limestone.
1 4 215 10 Banded argillaceous limestone
4th 1 8 214 6 |weathers yellow

Calcareous mud rock, weathering
to a greenish tone
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= o
a =
==
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Laminated calcareous shale
l 8 203 8 Thin-bedded, argillaceous
limestone
2 4 202 0 |Thin-bedded, argillaceous
limestone with some calcareous

3 9 199 g [shale

Sth

Calcareous mud rock, upper part
6 6 195 11 weathers green

Dark, fissile, calcareous shale
with some argillaceous limestone

7 8 186 5 bands

Sth 1 7 181 9 Dark, compact limestane
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